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PREFATORY STATEMENT OF SYMBOLIC 
CONVENTIONS 


THE purpose of the following observations is to bring together in one 
discussion various explanations which are required in applying the theory 
of types to cardinal arithmetic, It is convenient to collect these observations, 
since otherwise their dispersion throughout the several numbers of Part IIT 
makes it difficult to see what is their total effect. But although we have 
placed these observations at the beginning, they are to be read concurrently 
with the text of Part III, at least with so much of the text as consists of 
explanations of definitions. The earlier portion of what follows is merely a 
résumé of previous explanations; it is only in the later portions that the 
application to cardinal arithmetic is made. 


I. General Observations on Types. 
Three different kinds of typical ambiguity are involved in our propositions, 
concerning: 
(1) the functional hierarchy, 
(2) the propositional hierarchy, 
(3) the extensional hierarchy. 
The relevance of these must be separately considered. 


We often speak as though the type represented by small Latin letters 
were not composed of functions. It is, however, compatible with all we have 
to say that it should be composed of functions. It is to be observed, further, 
that, given the number of individuals, there is nothing in our axioms to show 
how many predicative functions of individuals there are, %e. their number 
is not a function of the number of individuals: we only know that their 
number >> 2°°™”, where “Indiv” stands for the class of individuals. 


In practice, we proceed along the extensional hierarchy after the early 
numbers of the book. If we have started from individuals, the result of this 
is to exclude functions wholly from our hierarchy; if we have started with 
functions of a given type, all functions of other types are excluded. Thus 
a fresh extensional hierarchy, wholly excluding every other, starts from each 
type of function. When we speak simply of “the extensional hierarchy,” we 
mean the one which starts from individuals. 


It is to be observed that when we have the assertion of a propositional 
function, say “t. @a,” the « must be of some definite type, «.e. we only assert 
that x is true whatever « may be within some one type. Thus eg. “+. a= 2” 
does not assert more than that this assertion holds for any of a given type. 
It is true that symbolically the same assertion holds in other types, but other 
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types cannot be included under one assertion-sign, because no variable can 
travel beyond its type. 


The process of rendering the types of variables ambiguous is begun in «8 
and *9, where we take the first step in regard to the proposttional hierarchy. 
Before x8 and *9, our variables are elementary propositions. These are such as 
contain no apparent variables. Hence the only functions that occur are matrices, 
and these only occur through their values. The assumption involved in the 
transition from Section A to Section B (Part I) is that, given “F . fp,” where 
p isan elementary proposition, we may substitute for p “p! (a, y, z,...), where 
¢ is any matrix. Thus instead of “+. fp,” which contained one variable p of 
a given type, we have “t. f {p! (a, y, 2, ...)},” which contains several variables 
of several types (any finite number of variables and types is possible). This 
assumption involves some rather difficult points. It is to be remembered 
that no value of @ contains ¢ as a constituent, and therefore ¢ is not a 
constituent of jp even if p is a value of ¢. Thus we pass, above, from an 
assertion containing no function as a constituent to one containing one or 
more functions as constituents. The assertion “t+. fp” concerns any elemen- 
tary proposition, whereas “+. f{! (a, y, z, ...)}” concerns any of a certain set 
of elementary propositions, namely any of those that are values of ¢. 
Different types of functions give different sorts of ways of picking out 
elementary propositions. 


Having assumed or proved “| . fp,” where p is elementary and therefore 
involves no ambiguity of type, we thus assert 


ESL M(a, y, 2), 

where the types of the arguments and the number of them are wholly 
arbitrary, except that they must belong to the functional hierarchy including 
individuals. (The assumption that propositions are incomplete symbols 
excludes the possibility that the arguments to ¢ are propositions.) The note- 
worthy point is that we thus obtain an assertion in which there may be any 
finite number of variables and the variables have unlimited typical ambiguity, 
from an assertion containing one variable of a perfectly definite type. All 
this is presupposed before we embark on the propositional hierarchy. 


It should be observed that all elementary propositions are values of 
predicative functions of one individual, i.e. of $14, where @ is individual. 
Thus we need not assume that elementary propositions form a type; we may 
replace p by “@!a2” in “F, fp.” In this way, propositions as variables wholly 
disappear. 

In extending statements concerning elementary propositions so as formally 
to apply to first-order propositions, we have to assume afresh the primitive 
proposition *1'11 (1-1 is never used), ie. given “F. gx” and “bt. da D ya,” 
we have “F.ye,” which is practically *912. This was asserted in #1:11 
for any case in which ¢a and wa are elementary propositions. There was 
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here already an ambiguity of type, owing to the fact that x need not be 
an individual, but might be a function of any order. Eg. we might use 
x1-11 to pass from 
“Eegpla” and “F. plardgplb” to “bsp! b,” 

where ¢ replaces the # of #111, and ola, gib replace $@ and 42. Thus 
*1'11, even before its extension in *9, already states a fresh primitive propo- 
sition for each fresh type of functions considered. The novelty in *9 is that 
we allow ¢ and ¥ to contain one apparent variable. This may be of any 
functional type (including Indiv); thus we get another set of symbolically 
identical primitive propositions. In passing, as indicated at the end of «9, 
to more than one apparent variable, we introduce a new batch of primitive 
propositions with each additional apparent variable. 


Similar remarks apply to the other primitive propositions of #9. 


What makes the above process legitimate is that nothing in the treat- 
ment of functions of order n presupposes functions of higher order. We can 
deal with each new type of functions as it arises, without having to take 
account of the fact that there are later types. From symbolic analogy we 
“see” that the process can be repeated indefinitely. This possibility rests 
upon two things: 

(1) A fresh interpretation of our constants—v, ~, !, ()., (qa) .—at each 
fresh stage ; 

(2) A fresh assumption, symbolically unchanged, of the primitive propo- 
sitions which we found sufficient at an earlier stage—the possibility of avoiding 
symbolic change being due to the fresh interpretation of our constants. 


The above remarks apply to the axiom of reducibility as well as to our 
other primitive propositions. If, at any stage, we wish to deal with a class 
defined by a function of the 30,000th type, we shall have to repeat our 
arguments and assumptions 30,000 times. But there is still no necessity to 
speak of the hierarchy as a whole, or to suppose that statements can be made 
about “all types.” 


We come now to the extensional hierarchy. This starts from some one 
point in the functional hierarchy. We usually suppose it to start from 
individuals, but any other starting-point is equally legitimate. Whatever type 
of functions (including Indiv) we start from, all higher types of functions 
are excluded from the extensional hierarchy, and also all lower types (if 
any). Some complications arise here. Suppose we start from Indiv. Then if 
$!2 is any predicative function of individuals, 2($!z)=$!2. But if we 
adopt the theory of #20, as opposed to that suggested in the Introduction 
to the second edition, identity between a function and a class does not have 
the usual properties of identity ; in fact, though every function is identical 
with some class, and vice versa, the number of functions is likely to be 
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greater than the number of classes. This is due to the fact that we may have 
2(pla)= vl? -2(p!2) = 12 without having pl?=y!2. 

In the extensional hierarchy, we prove the extension from classes to 
classes of classes, and so on, without fresh primitive propositions (*20, *21) 
The primitive propositions involved are those concerning the functional 
hierarchy. 

From all these various modes of extension we “see” that whatever can 
be proved for lower types, whether functional or extensional, can also be 
proved for higher types*. Hence we assume that it is unnecessary to know 
the types of our variables, though they must always be confined within some 
one definite type. 


Now although everything that can be proved for lower types can be 
proved for higher types, the converse does not hold. In Vol. I only two 
propositions occur which can be proved for higher but not for lower types. 
These are q!2 and q!2,. These can be proved for any type except that of 
individuals. It is to be observed that we do not state that whatever is érue 
for lower types is true for higher types, but only that whatever can be proved 
for lower types can be proved for higher types. If, for example, Ne‘Indiv =», 
then this proposition is false for any higher type; but this proposition, 
Ne‘Indiv =v, is one which carnot be proved logically; in fact, it is only 
ascertainable by a census, not by logic. Thus among the propositions which 
can be proved by logic, there are some which can only be proved for higher 
types, but none which can only be proved for lower types. 


The propositions which can be proved in some types but not in others all 
are or depend upon existence-theorems for cardinals. We can prove 
q!0, qi, universally, 
tq! 2, except for Indiv, 
13, q!4, except for Indiv, Cl‘Indiv, Rl‘Indiv; and so on. 


Exactly similar remarks would apply to the functional hierarchy. In both 
cases, the possibility of proving these propositions depends upon the axiom 
of reducibility and the definition of identity. Suppose there is only one 
individual, 2 Then 9=2, 9+. are two different functions, which, by the 
axiom of reducibility, are equivalent to two different predicative functions. 
Hence there are at least two predicative functions of 2, and at least two 
classes t‘2, A,. This argument fails both for classes and functions if either 
we deny the axiom of reducibility or we suppose that there may be two 
different individuals which agree in all their predicates, 7.e. that the definition 
of identity is misleading. 

The statement that what can be proved for lower types can be proved for 
higher types requires certain limitations, or rather, a more exact formulation. 


* But cf. next page for a more exact statement of this principle. 
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Taking Indiv as a primitive idea, put 
Kl=ClIndiv Df KP=ClKI Df, ete. 
Then consider the proposition Nc‘Kl =A. We can prove 
Ne‘Kl a ‘Indiv =A .q! Ne‘KiatKl. gi Ne‘Kl a eK. ete. 

Thus Ne‘KI=A can be proved in the lowest type in which it is significant, 
and disproved in any other. The difficulty, however, is avoided if Indiv is 
replaced by a variable a, and Kl by Cl‘t,‘a. Then we have 

NeCl't‘antfa=A, 
and this holds whatever the type of a may be. Thus in order that our 
principle about lower and higher types may be true, it is necessary that any 
relation there may be between two types occurring in a proposition should be 
preserved; in other words, when one constant type is defined in terms of 
another (as K1 and Indiv), the definition must be restored before the type is 
varied, so that when one type is varied, so is the other. With this proviso, 
our principle about higher and lower types holds. 


With the above proviso, the truth of our statement is manifest. For we 
have shown that the same primitive propositions, symbolically, which hold 
for the lowest type concerned in our reasoning, hold also for subsequent 
types; and therefore all our proofs can be repeated symbolically unchanged. 


The importance of this lies in the fact that, when we have proved a 
proposition for the lowest significant type, we “see” that it holds in any 
other assigned significant type. Hence every proposition which is proved 
without the mention of any type is to be regarded as proved for the lowest 
significant type, and extended by analogy to any other significant type. 


By exactly similar considerations we “see” that a proposition which can be 
proved for some type other than the lowest significant type must hold for 
any type in the direct descent from this, #.g. suppose we can prove a propo- 
sition (such as 12) for the type Kl (where Ki=Cl‘Indiv); then merely 
writing Cl‘Indiv for Kl, we have a proposition which is proved concerning 
Indiv, namely y !2 a ¢Cl‘Indiv, and here, by what was said before, Indiv 
may be replaced by any higher type. 


Thus given a typically ambiguous relation R, such that, if r is a type, 
R‘r is a type (Cl or RI is such a relation), we ‘‘see” that, if we can prove 
$(RIndiv), we can also prove ¢(R‘r), where r is any type, and ¢ is 
composed of typically ambiguous symbols, Similarly if we can prove 
$ (Indiv, R‘Indiv), we can prove (7, R‘r), where 7 is any type. But we 
cannot in general prove ¢ (Indiv, R‘r) or ¢(7, R‘Indiv), and these may be 
in fact untrue, Eig. we have q ! Ne (K1)‘Indiv . ~q! Ne (K1)‘KE. 


Thus more generally, when a proposition containing several ambiguities 
can be proved for the types R‘Indiv, S‘Indiv, ..., but not for lower types, it 
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is to be regarded as‘a function of Indiv, and then it becomes true for any 
type; that is, given 

¢ (RIndiv, S‘Indiv, ...), 
we shall also have $ (Rr, Sr, «.-), 
where 7 is any type. In this way, all demonstrable propositions are in the 
first instance about Indiv, and when so expressed remain true if any other 
type is substituted for Indiv. 


When a proposition containing typically ambiguous symbols can be proved 
to be true in the lowest significant type, and we can “see” that symbolically 
the same proof holds in any other assigried type, we say that the proposition 
has “permanent truth.” (We may also say, loosely, that it is “true in all 
types.”) When a proposition containing typically ambiguous symbols can be 
proved to be false in the lowest significant type, and we can “see” that it is 
false in any other assigned type, we say that it has “permanent falsehood.” 
Any other proposition contaiming typically ambiguous symbols is said to be 
“fluctuating,” or to have “fluctuating truth-value,” as opposed to “permanent 
truth-value,” which belongs to propositions that have either permanent truth 
or permanent falsehood. 


In what follows, ambiguities concerned with the propositional hierarchy 
will be ignored, since they never lead to fluctuating propositions. Thus dis- 
junction and negation and their derivatives will not receive explicit typical 
determination, but only such typical determination as results from assigning 
the types of the other typically ambiguous symbols involved. 


It is convenient to call the symbolic form of a propositional function 
simply a “symbolic form.” Thus, if a symbolic form contains symbols of 
ambiguous type it represents different propositional functions according as 
the types of its ambiguous symbols are differently adjusted. The adjustment 
is of course always limited by the necessity for the preservation of meaning. 
It is evident that the ideas of “permanent truth-value” and “fluctuating truth- 
value” apply in reality to symbolic forms and not to propositions or propo- 
sitional functions. Ambiguity of type can only exist in the process of 
determination of meaning. When the meaning has been assigned to a 
symbolic form and a propositional function thereby obtained, all ambiguity 
of type has vanished. 


To “assert a symbolic form” is to assert each of the propositional functions 
arising for the set of possible typical determinations which are somewhere 
enumerated. We have in fact enumerated a very limited number of types 
starting from that of individuals, and we “see” that this process can be 
indefinitely continued by analogy. The form is always asserted so far as the 
enumeration has arrived; and this is sufficient for all purposes, since it is 
essentially impossible to use a type which has not been arrived at by succes- 
sive enumeration from the lower types. 
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The only difficulties which arise in Cardinal Arithmetic in connection 
with the ambiguities of type of the symbols are those which enter through 


the use of the symbol sm, or of the symbol Ne, which is one For it may 
happen that a class in one type has no class similar to it in some lower type 
(cf. *102°72°73). All fallacious reasoning in cardinal or ordinal arithmetic in 
connection with types, apart from that due to the mere absence of meaning 
in symbols, is due to this fact—in other words to the fact that in some types 
q!Ne‘a is true, and in other types q!Ne‘a may not be true. The fallacy 
consists in neglecting this latter possibility of the failure of q!Ne‘a for a 
limited number of types, that is, in taking the “fluctuating” form q! No‘a 
as though it possessed a “permanent” truth-value. 

A fluctuating form however often possesses what is here termed a 
“stable” truth-value, which is as important as the permanent truth-value 
of other forms. For example, anticipating our definitions of elementary 
arithmetic, consider 2+,3=5, There is no abstract logical proof that there 
are two individuals; so suppose 2 and 3 refer to classes of individuals, but 
5 refers to classes of a high enough type, then with these determinations 
2+,3=5 cannot be proved. But 2+,3=5 has a stable truth-value, since 
it can always be proved when all the types are high enough. In this case 
the fact that our empirical census of individuals (at least of the “relative” 
individuals of ordinary life) has outrun the capacity of logical proof, makes 
the fluctuation in the truth-value of the form to be entirely unimportant. 

In order to make this idea precise, it is necessary to have a convention 
as to the order in which the types of symbols in a symbolic form are assigned. 
The rule we adopt is that the types of the real variables are to be first 
assigned, and then those of the constant symbols. The types of the apparent 
variables, if any, will then be completely determinate. 

A symbolic form has a stable truth-value if, after any assignment of types 
to the real variables, types can be assigned to the constant symbols so that 
the truth-value of the proposition thus obtained is the same as the truth-value 
of any proposition obtained by modifying it by the assignment of higher types 
to some or all of the constant symbols. This truth-value is the stable truth- 
value. 

Il. Formal Numbers. 

The conventions, which we shall give below as to the assignment of types, 
practically restrict our interpretation of fluctuating symbolic forms to types 
in which the forms possess their stable truth-value. The assumption that 
these truth-values are stable never enters into the reasoning. But we judge 
a truth-value to be stable when any method of raising the types of the 
constant symbols by one step leaves it unaltered. 

In practice the fluctuation of truth-values only enters into our considera- 
tion through a limited number of symbols called “formal numbers.” 
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Formal numbers may be “constant” or “functional.” 


A consiant formal number is any constant symbol for which there is a 
constant @ such that, in whatever type the constant svmbol is determined, 
it is, in that type, identical with Ne‘a In other words if o be a constant 
symbol, then « is a formal number provided that “truth” is the permanent 
truth-value of o = Ne‘a, for some constant a. 

The fusctional formal numbers are defined by enumeration; they are 

Nefa, SNe‘e, JTINe‘x, smip, ter, BP—-o% BXe% BY 
where in each formal number the symbols a, «, 4, v occurring in it are called 
the arguments of the functional form even when they are complex symbols. 
The argument of Ne‘(a+ 8) is a+, and those of w+,(v+,@) are w and 
y+, @, and those of 1 +,2 are 1 and 2. 


Thus among the constant formal numbers are 
0, 1, 2, ..., &, 14,2, 2x, 2 
The references which support this statement are 
#101-11-21:32 . #123°36 . 4110-42 . #11323 . #11623. 
Among the functional formal numbers are 
Ne(a+8), wte(ute@), (M+ev)Xe@, (Ute—r)”. 
It will be observed that eg. 1+,2 is both a constant and a functional formal 


number, so that the two classes are not mutually exclusive. In fact they 
possess an indefinite number of members in common. 


All the formal numbers, with the exception of sm» and w—, », are 
members of NC without any hypothesis (cf. #100-41-01'52 . #11042. %112- 101. 
#113-23 . *114°1 . #116°23, note to #11912, and *120°411). 


A functional formal number consists of two parts, namely, its argument 
or arguments, and the constant “form.” An argument of a functional 
formal number may be a complex symbol, and may be constant or variable. 
Thus »+,y is an argument of (4+,v)+,p, and of (u+,v)x,1 and of 
(u#+ vy; also 2+,3is an argument of (2 +,3)x,1. The constant form is 
constituted by the other symbols which are constants. Two occurrences of 
functional formal numbers are only ocvurrences of the same formal number 
if the arguments and also the constant forms are identical in symbolism. 
Thus two occurrences of Ne‘a are occurrences of the same formal number, 
even if they are determined to be in different types; but Ne‘a and Ne‘s are 
different formai numbers. Also 1 and p» x,1 are ditferent formal numbers 
because their “forms” are different, though the arguments » and 1 are the 
same and (in the same type) the entity denoted is the same. Thus the 
distinction between formal numbers depends on the symbolism and not on 
the entity denoted, and in considering them it is symbolic analogy and not 
denotation which is to be taken into account. For example two different 
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occurrences of the same formal number will not denote the same entity, if in 
the two occurrences the ambiguity of type is determined differently. 


The functional formal numbers are divided into three sets: (i) the 
primary set consisting of the forms Ne‘a, 2 Ne‘«, INe‘«, (ii) the argumental 
set consisting only of sm‘, (iii) the arithmetical set consisting of fete, 
Xe, w’, and p—er. 

A functional formal number has at most two arguments. But an argument 
of a functional formal number may itself be a functional formal number, and 
will accordingly possess either one or two arguments, which in their turn may 
be functional formal numbers, and so on. The whole set of arguments and of 
arguments of arguments, thus obtained, is called the set of components of the 
original formal number. ‘Thus y, v,p and 4 +, v are components of (u +, 1) +, p; 
and p», v and sm‘ are components of »y+,sm‘‘z; and «,a and Ne‘a are com- 
ponents of u +, Ne‘a. The two arguments of (u +.) +,.p are w+,» and p, and 
those of » +,sm**w are v and sm‘*y, and those of «+, Nea are w and Ne‘a. 


Addition, multiplication, exponentiation, and subtraction will be calied 
the arithmetical operations; and in w+,v,  Xo¥, wu’, Ho”, w and y will each 
be said to be subjected to these respective operations. The arithmetical 
components of an arithmetical formal number (ze. one belonging to the 
arithmetical set) consist of those of its components which do not appear in 
the capacity of components of a component which does not belong to the 
arithmetical set. Thus y, , p, # +, v are arithmetical components of (4 +.) +493 
and » and sm“ are arithmetical components of »y +,sm‘‘y, but » is not one; 
and » and Ne‘a are arithmetical components of «+, Ne‘a, but a is not one; 
and w and sm‘(v +, p) are arithmetical components of 4 +,sm‘(y+,p), but 
y+, p and v and p are components of sm‘(v +, p) and are therefore not arith- 
metical components of « +,sm‘(y +,p). Only arithmetical formal numbers 
possess arithmetical components. 

A formal number of the arithmetical set having no components which are 
formal numbers of the argumental set is called a pure arithmetical formal 
number. For example 4 +,(v +,p) and w+, Ne‘a are pure, but «4 +,sm“(v +.) 
and »+,sm‘*Ne‘a are not pure. 

There are many types involved in the consideration of a formal number. 
For example, in Ne‘a there is the type of Ne‘a and of a; in z+,y there is the 
type of u+,v, the type of w, and the type of v: and so on for more complex 
formal numbers. The type of a tormal number as a whole in any occurrence 
is called its actual type. This is the type of the entity which it then repre- 
sents, 

The other types involved in a formal number in any occurrence are called 
its subordinate types. 

The actual types are not indicated in the symbolism for the various formal 
numbers as stated above. They can be indicated relatively to the type of the 
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variable & by writing Ne (E)fa, smg‘p, (4 +e)es (u Xev)e, ("es (wo), by the 
notation of *65, Even when the actual type of a complex formal number, such 
as 4 +,(v+,%), is settled—so for instance that we have {u+,(v+).a)};—the 
meaning of the symbol is not completely determined, for the type of v+,a 
remains ambiguous. It follows, however, from 
#100511 . 4110-23 . #113-26 . *119-61-62, 

that the subordinate types make no difference to the value of a formal number, 
so long as the components are not null. 


We can therefore make a formal number definite as soon as its actual 
type is definite by securing that its components are not null. This is done by 
the convention II T (below) combined with the definitions 

#110°03-04 . *#113-04°05 . *116:03-04. 
When the subordinate types are adjusted in accordance with these definitions 
and conventions, they wili be said to be normally adjusted. 


But in order to state this convention II T we require a definition of what 
is here called the adequacy of the actual type of a formal number. The general 
idea of adequacy is simple enough, namely that, given the subordinate types 
of o, the actual type of o should be high enough to enable us logically to 
prove ¢!o when such a proof is possible for types which are not too low. For 
example, all types except the lowest for which it has meaning are adequate 
for the constant formal number 2. It is rather difficult however to state the 
meaning of adequacy with precision in a manner adapted to ali formal numbers. 
Fortunately the definition of the lowest type which corresponds to this general 
idea of adequacy is not important for our purposes. It will be sufficient to 
define as adequate some types which certainly do have the property in question. 


The method of definition which we adopt is to replace the formal number 
o by another one o’ so related to o that with the same actual type for both 
we can prove {!o'..q!o, whenever o is not equal to Ain all types. If o 
be functional, we need only consider its argument, or its two arguments, and 
can dismiss from consideration the other components; then we replace these 
arguments by others so that the o’ has the required property. Thus: 
(i) The actual types of Ne‘a, [Ne‘«, IINe‘x, and sm‘‘u are adequate when 
we can logically prove 
A! Ne‘ta, qi SNet{«, qi UNe‘t‘x, and q!sm"t'u; 
(ii) The actual types of pp +—y, 9%, # Xqv, and pw” are adequate when we 
can logically prove : 
q! Nyctut Neti, qt Nyctt‘a =D a tov, 
qi Nicht x,Nocwt‘v, and GI N,cit,<pNot', 
It will be noticed that ta, ¢‘«, and 4‘ are the greatest classes of the same 
type as a, x, and y respectively, and that N,c‘t,“~z and N,c‘t,‘v are the greatest 
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cardinal numbers of the same type as » and » respectively. These definitions 
hold even when any of a, «, 4, vy are complex symbols. 


The remaining formal numbers which are not functional must certainly 
be constant. The difficulty which arises here is that if ¢ be such a formal 
number and &, occurs in its symbolism, we have no logical method of deciding 
as to the truth or falsehood of q!N,in any type. But we replace &, by Nic‘t'N, 
which is the greatest existent cardinal-of the same type as XN, in that occur- 
rence, Thus: 

(iii) If o be a formal number which is not functional, an adequate actual 
type of o is one for which we can logically prove q!o', where o’ is derived 
from o by replacing any occurrence of &, in « by N,e‘t,“&,. Accordingly if Ny 
does not occur in c, an adequate type is any actual type for which we can 
logically prove q!o. 

In the case of members of the primary and argumental groups we have 
substituted the V of the appropriate type in the place of each variable. When 
the actual type is adequate we have 

(a).m! Nea, (x). ql iNe‘c, («).qtTINe‘e, (u).qism“p. 

In the case of members of the arithmetical group (except in the case of 
#2~9v), we have substituted for each argument the largest cardinal number 
which can be obtained in the type of that argument, namely the N,c‘V for 
the V of the appropriate type. Accordingly we are sure (except in the case of 
}+—cv) that for all other values of the arguments which are existent cardinal 
numbers the formal number is not null. 


It will be noticed that normal adjustment only concerns the subordinate 
types. For example *110-03 secures that in Ne‘a +, » the actual type of Ne‘a 
is adequate, and *110-23 shows that any adequate actual type of Ne‘a will do. 
But nothing is said about the actual type of Ne‘a+,u. We make the following 
definition: When the subordinate types of a formal number are nornially 
adjusted, and the actual type is adéquate, the types of the formal number are 
said to be arithmetically adjusted. 


We notice that for the primary set, the arithmetical adjustment of types 
means the same thing as the adequate adjustment of the actual type. Also if 
the arguments of a formal number of the arithmetical set are simple symbols, 
the two ideas come to the same thing. 


In the case of variable formal numbers of the primary set, it follows from 
*117-22°32 that when their types are arithmetically adjusted they are not 
equal to A for any values of their variables. 

Aliso in the case of those variable formal numbers which are of the pure 
arithmetical set (excluding «—,v) it follows from *100'4°52'42 «#11323 .*116:23 
that, working from the ultimate components reached by successive analysis 
upwards, for all values of such ultimate components which are members 

R&WIE & 
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of NC 1A they can be reduced to the case of the formal numbers of the 
primary group; and that therefore they are not equal to A when their types 
are arithmetically adjusted. For example in » +, {v +,(p te o)}, fs p, o are 
these ultimate components; let them be existent cardinal numbers. Hence 
when the types are arithmetically adjusted, the actual type of p+, is 
adequate and p+, is an existent cardinal; we can therefore substitute Nica 
for it. By the same reasoning we can substitute N,o‘f for v +, N,c‘a, and again 
Nyety for # +. Nic’ B- 

A definite standard arithmetical adjustment of types for any formal number 
can always be found by making every use of sm, whether explicit or concealed 
in Ne or in some other symbol, to be homogeneous. Proofs which apply to any 
arithmetical adjustment of types start by dealing with this standard type, 
and then by the use of #10421 . #106'21-211-212-218 the extension is made 
to the adjacent higher classical and relational types. We then “see” that by 
the analogy of symbolism this extension can always be formally proved at each 
stage, so that we are dealing with the stable truth-value. For some constant 
formal numbers a lower existential type can be found than that indicated by 
this method. 


IIL. Classification of Occurrences of Formal Numbers. 


A symbolic form of any of the kinds [ef. *117-01:04'05°06] 
wy poy, ev, wRy, 
is called an arithmetical inequality. 


These forms only arise when we are comparing cardinal numbers in respect 
to the relation of being “greater than” or “less than.” It might seem natural 
to include equations among these arithmetical inequalities. Their use however, 
even as between cardinal numbers, is not so exclusively arithmetical, and it is 
convenient to consider them separately under another heading during our 
preliminary investigations. 

In the arithmetical inequalities as above written, » and », or any symbols 
replacing 2 and », are called the opposed sides of the inequality, and either of 
por v is called a side of the inequality. 


Symbolic forms of the kinds ¢ = « and o +«, where cither ¢ or « is a formal 
number, will be called equations and inequations respectively; and o and « are 
called the opposed sides of the equation or inequation, and either of them is 
simply a side of the equation or inequation. 


When we reach the exclusively arithmetical point of view, it will be con- 
venient to put together equations, inequations and arithmetical inequalities 
as one sort of symbolic form. Their separation here is for the sake of investi- 
gations into the exceptions due to the failure of existence theorems in low 
types. It is unnecessary to consider arithmetical inequalities in this connection. 
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The ways in which a symbol o can occur in a symbolic form are named as 
follows: 

The occurrence of o in sm“‘o is called an argumental occurrence, 

The occurrence of « as an argument of an arithmetical formal number 
(which may be a component of another formal number) or as one side of an 
arithmetical inequality is called an arithmetical occurrence, 

The occurrence of o as one side of an equation is called an equational 
occurrence, 

The occurrence of o in “feo” is called an attributive occurrence, 

Any other occurrence of ¢ is called a logical occurrence, so also is « = A. 

It is obvious that a pair of opposed sides of an equation or inequation 
must be of the same type. Furthermore, if « be a formal number, and *20:18 


is applied so as to give 

: : bno=e.I:f(c).=-f(«), 
the equational occurrence of ¢ must be of the same type as its occurrence 
in f(c), otherwise the inference is fallacious. Accordingly substitution in 
arithmetical formulae can only be undertaken when the conventions as to the 
relations of ambiguous types secure this identity. This question is considered 
later in this prefatory statement, and the result appears in the text as 
¥118-01. 

At this point some examples will be useful; they will also be referred to 
subsequently in connection with the conventions limiting ambiguities of type. 
*100°35. F:.q!No‘a.v.q!iNe'@:3: 

Ne‘a=Ne'8.=.aeNe'B.=.BeNe‘a.=.asmB 

Here the formal numbers are Ne‘a and Ne‘, each of which has three 
occurrences, The first occurrence of Ne‘a is logical, its second is equational, 
and its third is attributive. 

*100°42 (in the demonstration), 
Fip,veNC.qtunyv.d.(qa,8)-~=Nea.v=Ne's.Ne‘a=Ne‘B 

Here Ne‘a and Ne‘@ are the only formal numbers, and all their occurrences 
are equational. 

*100-44 (in the demonstration). 
tipeNC.q!Ne‘a.aeu.>.(q8).p=Neo's. Nefa=No'B 

Here Ne‘a and Ne‘@ are the only formal numbers; the first occurrence of 
Ne‘a is logical, its second is equational; both the occurrences of Ne‘ are 
equational. 
¥100°511. F: qi Ne'B.3.sm“Ne'8 = No'B 

Here the formal numbers are Ne‘@ and sm“‘Ne‘8. The first occurrence of 
Ne‘ is logical, the second is argumental, the third is equational; the only 
occurrence of sm‘‘Ne‘@ is equational. 

b2 
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4100521. F:weNC.qism*p,.>.smsm“p =e 

Here sm‘y and sm“sm‘‘y are the only formal numbers; sm‘ has two 
occurrences, the first logical, the second argumental; sm“sm‘‘ has one occur- 
rence, which is equational, 
¥101:28 (in the demonstration). 

bryesm'1.=.(qa).ael.ysma 

Here the formal numbers are 1 and sm‘‘l. The first occurrence of 1 is 
argumental, the second is attributive; the occurrence of sm‘‘1 is attributive. 
#10138. Fig !2.3.8Cl*2=0ul v2 

Here the formal numbers are 0, 1, and 2, and their occurrences are all 
logical. 

#11054. +.(Ne‘a+, Ne‘8) +, Ne‘y = Ne(a+ 8+) 

Here the formal numbers are 
Nefa, Ne‘8, Ne‘y, Ne‘(a+8++y), Ne‘a+,Ne‘8, (Ne‘a+, Ne‘) +, Ne‘y. 

The occurrence of Ne‘(a+ 8 +) and that of (Ne‘a +, Ne‘8) +, Ne“y are both 
equational, and they must be of the same type since they are opposed sides 
of the same equation. The occurrences of the other formal numbers are as 
arithmetical components of a more complex arithmetical formal number and 
are therefore arithmetical. 

#11663. . eeXF = (pu) 

The formal numbers are » X,a, wu’, w+”, and (u”)®. Each formal number 
occurs once only. The occurrences of » x,a and ” are arithmetical, and those 
of the other two are equational. 

#117-108. | :. Ne‘a > Ne‘8.=: Ne‘a > Ne'@.v. Nefa=Ne'@ 

The formal numbers are Ne‘a and Ne‘, each with three occurrences. 
The first two occurrences of each formal number are arithmetical, the last 
occurrence of each is equational. 

#*120°53 (in the demonstration), 
bs B=y4,.8.q!8.3.a8 =a x,a° 

Here the formal numbers are y +, 6, a, a”, a, a” x,a%. Each formal number 
has one occurrence. Those of y +, 8,a® and a” x,a° are equational, and those of 
av and a° are arithmetical. 

#*120°53 (in the demonstration). 
Frob=ar.B=yt,d.q tats d.a¥ =a x,a8 

Here the formal numbers are a, a, a®, aY x,a®, y+,6. The first occurrence 

of a is equational, its second occurrence is logical; the first two occurrences of 


a are equational, its third occurrence is arithmetical; the only occurrence of a® 
1s arithmetical; the only occurrences of a x, a and of y +,8 are equational. 
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IV. The Conventions IT and IIT. 


Two occurrences of a formal number with the same actual type are said to 
be bound to each other. 


The choice of types for formal numbers, when they are not made definite 
in terms of variables by the notation of *65, is limited by the following con- 
ventions, which enable us to dispense largely with the elaboration produced 
by the definition of types. 


IT. All logical occurrences of the same formal number are in the same 
type; argumental occurrences are bound to logical and attributive occurrences ; 
and, tf there are no urgumental occurrences, equational occurrences are bound 
to logical occurrences. 

This rule only applies, so far as meaning permits, to those types which 
remain ambiguous after the assignment of types to the real variables. 


Tt will be noticed that if there are no argumental or logical occurrences of 
a formal number, IT does not in any way apply to the assignment of types to 
the occurrences in the form of that formal number. 


The identification of types in argumental and attributive occurrences by 

IT is rendered necessary to secure the use of the equivalence 
yesm“o.=.(qa).aeo.ysma, 

where ¢ is a formal number. Without the convention, this application of *37°1 

would be fallacious. The only one of our examples to which this part of the 

convention applies is *101'28 (demonstration), where it secures that the two 

occurrences of 1 are in the same type. It is relevant however to the symbolism 

in the demonstration of *100°521. 

It will be found in practice that this convention relates the types of 
occurrences in the same way as would naturally be done by anyone who was 
not thinking of the convention at all. To see how the convention works, we 
will run through the examples which have already been given above. 


In *100°35, IT directs the logical and equational occurrences of Ne‘a to be 
in the same type, and similarly for Ne‘@. Also “meaning” secures that the 
equational types of Ne‘a and Ne‘@ are the same. Thus these four occurrences 
are all in one type, which has no necessary relation to the types of the attri- 
butive occurrences of Ne‘a and Ne‘. Thus, using the notation of *65°04 to 
secure typical definiteness, *100°35 is to mean 

Fi q!Ne(&‘a.v.qiNc(6‘8:): 
Ne (£)'a=Ne(£)'8.=.a¢ Ne(a)\8.=.8eNe(@)'a.=-asm ZB, 

The types of these attributive occurrences are settled by the necessity of 
‘meaning.” 

In *100°42 (demonstration), since all the occurrences of formal numbers are 
equational, IT produces no limitation of types. 
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In *100°44 (demonstration), IT secures that the two occurrences of No‘a 
are in the same type. Also we notice that the first occurrence of Nc‘ is really 
(of. x65°04) Ne (a)*@, since “ae” occurs, and thus “meaning” requires this 
relation of types, and the second occurrence of Nc‘@ is in the type of the 
occurrences of Ne‘a. 


In *100°511, IT directs that the logical and argumental occurrences are to 
have the same type. In *100°521, IT directs that the two occurrences of sm‘ 
are to have the same type. In «101-28 both occurrences of 1 are to be in the 
same type. In «101-38, IT directs that all the occurrences of 2 are to have the 
same type. 


The convention IT in no way limits the types in *110°54, nor in *116°63, 
nor in #117°108. 


In the first example from *120°53 (in the demonstration) convention IT 
has no application. 


In the second example from *120°53 (in the demonstration) convention 
IT directs that the two occurrences of a® shall be in the same type; and the 
necessity of “meaning” secures that the first occurrence of a’ shall also be in 
this type. The same necessity secures that y+, 5 shall be in the same type as 
8; and it also secures that in “ay = ay x, a®” the first occurrence of a” and that 
of aY x,a@® shall have a common type, which is otherwise unfettered ; also 
nothing has been decided as to the types of ay and @° in a’ x,a®. 


We now come to conventions embodying the outcome of arithmetical 
ideas. The term “arithmetical” is here used to denote investigations in 
which the interest lies in the comparison of formal numbers in respect to 
equality or inequality, excluding the exceptional cases—whenever the cases 
are exceptional—due to the failure of existence in low types, The thorough- 
going arithmetical point of view, which we adopt later in the investigation 
on Ratio and Quantity and also in this volume in *117 and *126 and some 
earlier propositions, would sweep aside as uninteresting all investigation of 
the exact ways in which the failure of existence theorems is relevant to the 
truth of propositions, thus concentrating attention exclusively on stable truth- 
values. But the logical investigation has its own intrinsic interest among 
the principles of the subject. It is obvious however that it should be 
restrained to a consideration of the theorems of purely logical interest. In 
practice this extrusion of uninteresting cases of the failure of arithmetical 
theorems, even amid the logical investigations of the first part of this 
volume, is effected by securing that all arithmetical occurrences of formal 
numbers have their actual types adequate. 


As far as formal numbers of the primary group, i.e. Ne‘a, ZNe‘«, IINe‘x, 
are concerned, the arithmetical adjustment of types is secured formally in 
the symbolism by the definitions *110-03°04 for addition, and *113-04:05 for 
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multiplication, and *116-03-04 for exponentiation, and *117-02-03 for arith- 
metical inequalities, and *119-02°03 for subtraction. 

We save the symbolic elaboration which would arise from the extension 
of similar definitions to other formal numbers by the following convention: 


TIT. Whenever a formal number o occurs, so that, if it were replaced by 
Ne‘a, the actual type of Ne‘a would by definition have to be adequate, then the 
actual type of o is also to be adequate. 

For example in w+,(v+,@), if »+,@ were replaced by Ne‘a, then by 
#11004 the actual type of No‘a is adequate. Hence by IIT the actual type 
of v+,@ is to be adequate: accordingly so long as vy and @ are simple 
variables and members of NC — tA, we can always assume ¥ ! (vy +, w) for the 
type of the occurrence of v +, 7 in w+¢(v +. 0). 


It is essential to notice that so long as the argument of an argumental 
formal number, or the arguments of an arithmetical formal number, are 
adjusted arithmetically, the exact types chosen make no difference. This 
follows for argumental forma] numbers from #102°862°87'88, for addition from 
*110-25, for multiplication from #113-26, for exponentiation from #116°26, for 
subtraction from #*119°61-62. Thus (remembering also ¥100°511) in any 
definite type a formal number has one definite meaning provided that any 
subordinate formal number which occurs in its symbolism is determined 
existentially. The convention IIT directs us always to take this definite 
meaning for any pure arithmetical formal number. 


The convention does not determine completely the meaning of an arith- 
metical formal number which is not pure. For example, 7+,.(v+,p) is a 
pure arithmetical formal number when x, », p are determined in type; and 
convention IIT directs that the type of (v+,p) is to be adequate. But 
w+,.sm“(vy+,_p) is an arithmetical formal number which is not pure, and 
convention IIT directs that the type of the domain of sm is to be adequate, 
but does not affect the type of » +,p. Thus it is easy to see that IIT secures 
the adequacy of the actual types of all arithmetical components of any 
arithmetical formal numbers which occur, but does not affect the actual type 
of a formal number which occurs as the argument of an argumental formal 
number. But in this case convention IT will bind the actual type of this 
occurrence of the argument to any logical or attributive occurrence of the 
same formal number. For example, if q!v+,p and w+,sm“(v+,p) occur 
in the same form, then these two occurrences of vy +,p must have the same 
actual type. In practice argumental formal numbers are useful as com- 
ponents of arithmetical formal numbers for the very purpose of avoiding the 
automatic adjustment of types directed by IIT. 

The meaning of IIT is best explained by examples. Among our previous 
examples we need only consider those in which arithmetical formal numbers 
oceur. 
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In *110'54 the convention or definitions direct us to determine the types 
of Ne‘a and Ne‘@ adequately when forming Ne‘a +, Ne‘, also to determine 
No‘a+,Ne‘8 and Ney adequately when forming (Ne‘a +, Ne‘B) +, Ne‘y. 
The convention does not apply to the types of (Ne‘a +, Ne‘@) +, Ney and 
Ne‘(a+8+-). These types must be identical in order to secure meaning. 

In *11663 the convention directs us to adjust the types of v x,@ and 
p” adequately; it does not affect the types of w”*:™ and (z”)", which must 
be identical to secure meaning. If we replace p, v, # by formal numbers, by 
2, %, and 1 for example, we get “F . 28%! = (2%),.” The convention now 
directs that 1 is to be determined adequately. It so happens that any type 
is adequate for it, since q!1 can be proved in any type. Then adequate 
types for &, x, 1 and 2% are types for which we can prove W! (Noc“4:'N,) x, 1 
and m 12's, Thus if + is the type of N, in both cases, an adequate type 
for & x, 1 is 7, and for 2% is Cl‘r, 

In *117-108 we find arithmetical occurrences in arithmetical inequalities. 
Thus IIT directs us to take the first two occurrences of Ne‘a and the first 
two of Ne‘ with adequate actual types. The type of Ne‘a and Ne‘@ in 
Ne‘a=Ne‘Q is not affected by it. It is evident that the conventions IT, IIT 
are not sufficient to secure the truth of this proposition as thus symbolized. 
It is essential that in the equation the type be adjusted adequately for both 
formal numbers. In fact the general arithmetical convention, that types of 
equational as well as of arithmetical occurrences are adjusted arithmetically, 
is here used. 


V. Some Important Principles. 


Principle of Arithmetical Substitution. In *120'53, the application of ITT 
needs a consideration of the whole question of arithmetical substitution. 
Consider the first of the two examples. We have 

biB=yt,6.q!1 8.9.0 =ar x,a° 

It is obvious that unless we can pass with practical immediateness from 
“B=uyt+,5.a%=a8” to “at =ayte®” by «20°18, arithmetic is made practically 
impossible by the theory of types. But a difficulty arises from the application 
of IIT. Suppose we assign the types of our real variables first. Then the 
types of a, 8, y, 8 can be arbitrarily assigned, and there is no necessary 
connection between them which arises from the preservation of meaning. 
Thus 8 may be in a type which is not an adequate type for y+,6. Assume 
that this is the case. But the equational use of y+,6 is in the same type 
as 8, and by IIT the arithmetical use of y+,8 in a’+- is in an adequate 
type. Thus, on the face of it, the reasoning, appealing to *20°18, by which 
the substitution was justified, is fallacious; for the two occurrences of yt+,8 
in fact mean different things. 

In order to generalize our solution of this difficulty it is convenient to 
define the term “arithmetical equation.” An arithmetical equation is an 
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equation between purely arithmetical formal numbers whose actual types 
are both determined adequately. Then it is evident that from “=r. f(r),” 
where o and r are formal numbers and 7 occurs arithmetically in f(r), we 
cannot infer f(c) unless the equation o =7 is arithmetical. For otherwise 
the 7 in the equation cannot be identified with the + in f(r). 


When we have “Q=7.f/(7),’ where 7 is a formal number and 8 is a 
number in a definite type, and wish to pass to “ f(8),” or “@=7.f(8)” and 
wish to pass to “f(r),” the occurrence of + in f(r) being arithmetical, the 
type of 8 may not be an adequate type for r. Accordingly the r in “@=7” 
cannot be identified with the 7 in f(r). The type of the 7 in the equation 
ought to be freed from dependence on that of 8. Accordingly the transition 
is only legitimate when we can write instead 

“B+.0=7.f(t)” or “8+,0=7.f (8),” 
where in both cases the equation is arithmetical. For now all the symbols 
are subject to the same rules, 

If this modification can be made without altering the truth-value of the 
asserted propositions, the substitution is legitimate, otherwise it is not, 

It is obvious that in the above our immediate passage is to or from 
F(8+,0). But it is easy to see that, the occurrence of 8 +,0 being arith- 


metical, we always have 
S(8).= -f(B +20). 
In order to prove this, we have only to prove 


a+e(B +0) =a +68, 
aX_(B+.0)=ax.8, 


(a+, 0% =a, 
tO = of, 
and a>6+,0.=.a>8.=.4a+,0 >. 


The demonstration of the first of these propositions runs as follows: 
F.ell04.9bn Bw eNC.v.B=A:d.8+,0=A.at+,B=A- 
{4#110°4] Dat, (B+.0)=A=a +8 (1) 
F.#e11l04. Dhan eNC.via=Ard.at+,(8+,0)=A=a4,8 (2) 
F.*1l06. 3b: a,8eNC—t'A.d.a4+.(8+,0)=a+,sm"“B 

=a+—.8 (3) 
F.(1).(2). (8). Db ta4+.(8+,0) =a+.8 

In the above demonstration the step to (3) is legitimate since by the 

hypothesis @ is a determination of sm‘‘8 in an adequate type. 

Similar proofs hold for the other propositions, using *113:204 and #116-204 

and #117-12 and *103°13. 

We must also consider the circumstances under which we can pass from 

“B=” to “B+.0=7,” where the latter equation is arithmetical. In other 
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words, using #65-01 we require the hypothesis necessary for 
qin, B=%-2-8+,0=7,. 


We have 
F. #2018. Dk: B=7,.3.8+,0=4+,.0 (1) 
F. #11035. DF iqitg.qia,. DT +.0=7,+,0 (2) 


F.(1).(2). Db ging. git, Dif=77.3.84,0=7,+,0 (3) 
F. (3). DRLGTIB. Git. ItB=~.I.B4+,0=7, 4.0 (4) 
Now in (4) the occurrences of 8 +,0 and 7,+,0, which are in the same 
type, may be chosen to be in any type we like. Hence we deduce 
(4) #1106. DEL IB. qit,.D:8=77.D.(B-+,0)=sme"r, - 
{#100°511] D-(B +e 0) = Te 
Hence q! is the requisite condition. Now since ¢ can be in any type, 
we can also choose it in any existential type for 7. Thus with IIT applying 


to the arithmetical occurrence of + in f(r), we have, where 7 is a formal 
number and @ is a number in a definite type, 


Figif.B=7-f(7).9-f(8), 
Figqip.B=7.f(8).3.f(7), 
Figqto.g=7.f(1T).d.f(o). 
In the last proposition by IT the equation o = 7 is arithmetical These 
equations are summed up in *118°01. 


These three fundamental theorems embody the principle of arithmetical 
substitution. The hypothesis y! is really less than is assumed in ordinary 
life, the usual tacit assumption being @e NC—e‘A. In fact unless Be NC, 
A=T is necessarily false. 


Principle of Identification of Types. Suppose we have proved 
“Fr: Hp.D.dgo” and “ti: (oz). 2.9,” where o is a formal number whose 
occurrence in “+: Hp.>.¢o” is in an entirely ambiguous type, and o¢ is 
the same formal number o with its type related to that of & by «65-01. 
Then since the type of the ¢ in “+: Hp.>.¢0” is ambiguous, we can write 
“F:Hp.3.¢(o¢),” and thence infer “F. p.” 


The principle is: An entirely undetermined type in an asserted symbolic 
form can be identified with any type ambiguous or otherwise in any other 
asserted symbolic form or in the same symbolic form. 


For example in *100'42 (demonstration) considered above, since ]! jun v 
occurs, the first occurrences of Ne‘a and Ne‘ are of the same type, and so are 
their second occurrences in Ne‘a= Ne‘S. But the two types are not deter- 
mined by our conventions to have any necessary connection. In fact the type 
in Ne‘a = No‘@ is entirely arbitrary. Accordingly it can be identified with the 
other type, and thus the inference to the next line, viz. to“F: Hp.3. =p,” 
is justified, 
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In the case of arithmetical equations, it is important to notice that we 

have 

+, #100:321-88. DF :.q 1 Ne (£)a. D: No(£)'a=Ne(£)'@.D. No‘a = No. 
Hence if « and + are formal numbers, 

Fiuqlog. Dropery.D.o0=7. 

Thus if we have “t: Hp.q!o.2.c0=7” and “tb: Hp’.o,=7,.3.p,” we 
can infer from the former proposition “fF: Hp.q!o.3.o,=7,,” and from 
this and the latter proposition, we infer “Ft: Hp’. Hp.q!o..p,” so the 
general principle of identification can be employed when the $(c) in the first 
proposition is an arithmetical equation. 


For example, in an example given above, #100°44 (demonstration), viz. 
FiweNC.q!Ne‘a.aep.3.(q8).p=Nes, Ne‘a= Ness, 
the equation Nc‘a=Nec‘g is arithmetical. Accordingly we are justified in 
asserting the propositional function 
FiweNC.q!Neta.acu.>.(q8).~=Ne(a)yP. Ne(a)‘a=Ne(a)‘8, 
where Ne(a)‘f in “yw = Ne (a)‘8” has all along been presupposed by the neces- 
sity of meaning. 


Thus the inference follows, 
biweNC.q!Ne‘a.aen.d-Ne(a)a=p. 
D.Nefa=p. 


This proof loses its point when p is looked on as a variable with necessarily 
the same type throughout. For then the proposition collapses into 


binweNC.Ddiaep.=.Ne(ala=p. 


But if » be a formal number necessarily a member of NC, the proposition 
is really 
big!tNea.diaew.=.Nea=p 


With this presupposition we should have in the first line of the demon- 
stration 
“Fig iNea.Nea=y.0.aep,” 
though with “,” a single variable, the line is formally correct as it stands in 
the text. 


Recognition of Particular Cases. It is important to notice the conditions 
under which go can be recognized as a particular case of $£, where £ is a real 
variable and o is a formal number. In the first place obviously we must 
substitute o a 1,€ for o, wherever it occurs in do, and thus obtain $ (on ty). 
Then we may find that by the application of our conventions, we can replace 
this by go. For example we have 


#10042. FrpveNC.qipnv.d.p=v 
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Now put Ne“anz,‘% for u, we obtain 

FiNefan tou, veNC oq! (Nefanitu)nv.dsNeant {war (1) 

b.(1), #10041. DFrveNC.qiNeantiuav.d.Neant =v (2) 

Now by IT, even when » is a formal number, the identity of types of the 
two occurrences of Ne‘a is equally secured in 

kiveNC.q!Nefanv.>.Nea=v. 

Thus this is a particular case of #10042. Such deductions can be made 
in general without any explicit formal statement. 

Ambiguity of NC. It follows (cf. #10002 and *103:02) from the typical 
ambiguity of Nc that NC is also typically ambiguous. Hence “weNC.veNC” 
according to our methods of interpretation would not necessitate that 4 and v 
should be of the same type. We shall always interpret “y,»e NC” as standing 
for “weNC.veNC” and therefore as not necessarily identifying the types 
of » and v. Similarly for NoC, NC induct, and NC ind. For example 
#110402. bi p,veN,C.d.ql(utev) atte v) 

Here the y and » need not be of the same type. Again 
#11041. bipveN C.paty.d.ql(utyaty 

Here the identification of the types of » and » requires the hypothesis 
“tn = by.” 

VI. Conventions AT and Infin T. 

General Arithmetical Convention. Conventions IT and IIT are always 
applied, but the following convention is not used at first. This convention 
limits the remaining ambiguity of type by sweeping away the exceptional 
cases in low types, due to the failure of existence theorems. The convention 
will be cited as AT. 

AT. All equations involving pure arithmetical formal numbers are to be 
arithmetical. 

We have seen that from an arithmetical equation the analogous equation 
in any other type can be deduced. Thus with AT all equations between 
formal numbers are so determined in type that their truth in “any type” is 
deducible. Thus in the few early propositions where AT is introduced, the 
fact is noted by stating that the equations hold “in any type.” These 
propositions are ¥103'16, #110°71°72, 

The effect of applying AT to other propositions in *100 is to render some 
of the hypotheses (usually logical forms affirming existence) unnecessary, but 
also materially to limit the scope of the propositions. Take for example 
*10036. Fig! Nefa.v.qiNe'@:3: 

Nefa=Ne‘8.=.aceNe'B.=.BeNea.=. asm 8 

If we apply AT to this, we can write 

Fi Nefa=Ne‘@.=.aeNe'B.=.BeNea.=.asmZ. 
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For the equational occurrences of Ne‘e and Ne‘ are by AT and IIT to 
be with adequate actual types. But if a is a small class in a high type, an 
adequate actual type for Ne‘a will be a high type, whereas q!Ne‘a may 
hold in a low type. Thus with AT, for the sake of simplicity we abandon 
the statement of the minimum of hypothesis necessary for our propositions. 
The enunciation of no other proposition in #100 is affected. 


The enunciation of no proposition in-*101 is affected by AT, though it 
would unduly limit the scope of *101°34, In *110, AT would unduly limit 
the scope of such propositions as 

#110°22'23'2.4-25°251-252'3'3132'331-34'35'35 1445154 
and of many others, without altering their enunciations. There is no 
proposition in ¥*110 whose enunciation it would alter. AT is already 
applied to *110°71'72; if AT is removed from these propositions, then 
!Ne‘a must be added as an hypothesis to both of them. The effect of AT 
on *113 and *116 is entirely analogous to that on *110; in neither of these 
two numbers is there any proposition to which A T is applied in the text. 


As regards *117, AT is applied throughout, so that the propositions are 
all in the form suitable for subsequent investigations in which the interest is 
purely arithmetical. It is important however to analyse the effect of AT on 
the enunciations for the sake of logical investigations, especially in connection 
with *120. First, AT can only affect propositions in which equations or 
inequations occur, and among such propositions it does not affect the enuncia- 
tions of those in which both sides of the equations are not formal numbers, 
so that the equations are not arithmetical after the application of AT. These 
propositions are *117-104'14'24'241:243'31'551. These propositions, which 
are characterized by the presence of a single letter on one side of any 
equation involved, can be recognized at a glance. The propositions involving 
arithmetical equations whose enunciations are unaltered by the removal of 
AT are *117:21:54°592. Propositions involving inequations whose enuncia- 
tions are unaltered by the removal of AT are *117-26-27. Finally the only 
propositions of *#117 whose enunciations are altered by the removal of AT 
are €117'108-211°23°25'3. 


In *118 and *119 AT is not used, 


In *120, which is devoted to those properties of inductive cardinals 
which are of logical interest, AT is never used. None of the propositions 
#117°108'211°23'25'3 are cited in it, except *117-25 in the demonstration of 
120-435 for a use where AT is not relevant. The application of AT to *120 
would simplify the hypotheses of *120-31-41°451-53°55, and limit the scopes 
of the propositions. 


One other convention, which we will call “Infin T,” is required in certain 
propositions where the hypothesis implies that there are types in which every 
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inductive cardinal exists, 7.e. in which V is not an inductive class. Among 
such hypotheses are Infin ax, q! Prog, @!N (or typically definite forms of 
these hypotheses), or Re Prog or aeN. When such hypotheses occur, we 
shall assume that NC induct is, whenever significance permits, to be deter- 
mined in a type in which every inductive cardinal exists, ein which the 
axiom of infinity holds (cf. ¥120-03-04). The statement of this convention is 
as follows: 


Infin T. When the hypothesis of a proposition implies that there is a type 
in which every inductive cardinal exists, every occurrence of “NC induct” 
in this proposition is to be taken (if conditions of significance permit) im a 
sufficiently high type to insure the eaistence of every inductive cardinal. 


It is to be observed that this convention would be unnecessary if we 
confined ourselves to one extensional hierarchy, for in any one such hierarchy 
all types are inductive or all are non-inductive, so that if every inductive 
cardinal exists in one type in the hierarchy, the same holds for any other 
type in the hierarchy. But when we no longer confine ourselves to one 
extensional hierarchy, this result may not follow. For example, it may be 
the case that the number of individuals is inductive, but the number of 
predicative functions of individuals is not inductive; at any rate, no logical 
reason can be given against this possibility, which can only be rejected on 
empirical grounds, if at all. 


The way in which this convention is used may be illustrated by the 
demonstration of *#122°33. In the second line of this demonstration, we show 
that the hypothesis implies 

Etyg. Dd. El +.Dp a) 
where by #121-04 ve= Ry, BR Df, 
and by *121:02 R,=29 (Ne R(@Hy)=v4_,1} Df. 
It will be seen that these definitions do not suffice to determine the type 
of v. Hence in (1), the » on the left may not be of the same type as the 
v+,1 on the right. Now the use of «120-473, which occurs in the next line 
of the demonstration of *122°33, requires that the v on the left and the » +, 1 
on the right should be of the same type. This requires that the v should 
not be taken in a type in which we have q!v.v+,1=A. Hence in order 
to apply *120°473, we must choose a type in which all inductive cardinals 
exist. Since “Re Prog” occurs in the hypothesis, we know that all inductive 
cardinals exist in the type of C‘R. But it is unnecessary to restrict ourselves 
to the type of C*R, since any other type in which all inductive cardinals exist 
will equally secure the validity of the demonstration. Thus the convention 
Infin T secures the restriction required, and no more. 


The convention InfinT is often relevant when “Infinax” without any 
typical determination occurs in the hypothesis. Whenever this is the case, 
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if “NC induct” occurs in the proposition in a way which leaves its type 
undetermined so far as conditions of significance are concerned, it is to be 
taken in a type in which all its members exist. 


VIL Final Working Rule in Arithmetic. 

It is now (whenever AT is used, together with InfinT when necessary) 
possible finally to sweep aside all consideration of types in connection with 
inductive numbers. For by combining *126121-122 and *120-4232-4622, we 
see that it is always possible to take the type high enough so that no definitely 
determined inductive number shall be null (A), and that all the inductive 
reasoning can take place within this type. Furthermore we have already 
seen that the arithmetical operations are independent of the types of the 
components, so long as they are existential. Thus, as far as the ordinary 
arithmetic of finite numbers is concerned, all the conventions (including AT), 
and the necessity for hypotheses as to the existence of inductive numbers, are 
finally superseded by the following single rule: 


RuLE or InpErinire Numpers. The type assigned to any symbol which 
represents an inductive number is such that the symbol is not equal to A. 


We make the definition 
*126-01. Nc ind = Ne induct —e‘A Df 


Wherever this symbol “Ne ind” for the class of “indefinite inductive 
cardinal numbers” is used, the above rule is adhered to. In other words, 
“weNCind” can always be replaced by “p= Ne‘a.ae Clsinduct,” where 
Ne‘x is a homogeneous or ascending cardinal, and a is the appropriate 
constant, or is a variable, as the case may be. In the latter case, a symbolic 


form such as 
(#) «f(ue NC ind, 4) 
can be replaced by 
(u, a). f (w= Nea. ae Cls induct, ). 

Furthermore by *120°4622 it follows that with this rule the result of 
proceeding by induction in one type and then transforming to another type 
is the same as that of proceeding by induction in the latter type. Thus 
for example there is no advantage to be gained by discriminating between 
2; and 2,; for sm,‘2;=2,, smg2,=2:, pote le= ete Iq, Xo BHM Xe My, 
w= p,, 2 = 2", and w > 2.=. p> 2,, and so on. 

Hence all discrimination of the types of indefinite inductive numbers 
may be dropped; and the types are entirely indefinite and irrelevant. 


PART ITI 


CARDINAL ARITHMETIC 


R&wWiIt 


SUMMARY OF PART III 


In this Part, we shall be concerned, first, with the definition and general 
logical properties of cardinal numbers (Section A); then with the operations 
of addition, multiplication and exponentiation, of which the definitions and 
formal laws do not require any restriction to finite numbers (Section B); then 
with the theory of finite and infinite, which is rendered somewhat complicated 
by the fact that there are two different senses of “finite,” which cannot (so far 
as is known) be identified without assuming the multiplicative axiom. The 
theory of finite and infinite will be resumed, in connection with series, in 
Part V, Section E. 


It is in this Part that the theory of types first becomes practically relevant. 
It will be found that contradictions concerning the maximum cardinal are 
solved by this theory. We have therefore devoted our first section in this 
Part (with the exception of two numbers giving the most elementary properties 
of cardinals in general, and of 0 and 1 and 2, respectively) to the application 
of types to cardinals. Every cardinal is typically ambiguous, and we confer 
typical definiteness by the notations of *63, #64, and #65. It is especially where 
existence-theorems are concerned that the theory of types is essential. The 
chief importance of the propositions of the present part lies, not only, as 
throughout the book, in the hypotheses necessary to secure the conclusions, 
but also in the typical ambiguity which can be allowed to the symbols con- 
sistently with the truth of the propositions in all the cases thereby included. 


SECTION A 


DEFINITION AND LOGICAL PROPERTIES OF 
CARDINAL NUMBERS 


Summary of Section A. 


The Cardinal Number of a class a, which we will denote by “Ne‘a,” is 
defined as the class of all classes similar to a, i.e. as IG sma). This 
definition is due to Frege, and was first published in his Grundlagen der 
Arithmetik*; its symbolic expression and use are to be found in his 
Grundgesetze der Arithmetik+. The chief merits of this definition are (1) that 
the formal properties which we expect cardinal numbers to have result from 
it; (2) that unless we adopt this definition or some more complicated and 
practically equivalent definition, it is necessary to regard the cardinal number 
of a class as an indefinable. Hence the above definition avoids a useless 
indefinable with its attendant primitive propositions. 


It will be observed that, if # is any object, 1 is not the cardinal number 
of «, but that of t‘*. This obviates a confusion which otherwise is liable to 
arise in dealing with classes. Suppose we have a class @ consisting of many 
terms; we say, nevertheless, that it is one class. Thus it seems to be at once 
one and many. But in fact it is a that is many, and ¢‘a that is one. In regard 
to zero, the analogous point is still clearer. Suppose we say “there are no 
Kings of France.” This is equivalent to “the class of Kings of France has no 
members,” or, in our language, “the class of Kings of France is a member of 
the class 0.” It is obvious that we cannot say “the King of France is a 
member of the class 0,” because there is no King of France. Thus in the case 
of 0 and 1, as more evidently in all other cases, a cardinal number appertains 
to a class, not to the members of the class. 

For the purposes of formal definition, we subject the formula 

Nefa= B (8 sm a) 
to some simplification. It will be seen that, according to this formula, “Ne” 
is a relation, namely the relation of a cardinal number to any class of which 
it is the number. Thus for example 1 has to ‘x the relation Nc; so has 2 to 


“> 
i'autty, provided a+y. The relation Ne is, in fact, the relation sm; for 
rig 
sm‘a=— (8 sma). Hence for formal purposes of definition we put 
> 
Ne=sm Df. 


* Breslau, 1884. Cf. especially pp. 79, 80. 
+ Jena, Vol, 1. 1893, Vol. 1. 1903. Cf. Vol. 1. §§ 4042, pp. 57,58. The grounds in favour 
of this definition will be found at length in Principles of Mathematics, Part II. 
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The class of cardinal numbers is the class of objects which are the cardinal 
numbers of something or other, i.e. of objects which, for some a, are equal to 
Ne‘a. We call the class of cardinal numbers NC; thus we have 

NC=2 (qe) 4 = Neva}. 
For purposes of formal definition, we replace this by the simpler formula 
NC=D*Ne Df. 

Tn the present section, we shall be concerned with what we may call the 
purely logical properties of cardinal numbers, namely those which do not 
depend upon the arithmetical operations of addition, multiplication and 
exponentiation, nor upon the distinction of finite and infinite*. The chief 
point to be dealt with, as regards both importance and difficulty, is the relation 
of a cardinal number in one type to the same or an associated cardinal number 
in another type. When a symbol is ambiguous as to type, we will call it 
typically ambiguous; when, either always or in a given context, it is un- 
ambiguous as to type, we will call it typically definite. Now the symbol “sm” 
is typically ambiguous; the only limitation on its type is that its domain and 
converse domain must both consist of classes. When we have asm 8, a and 
8 need not be of the same type, in fact, in any type of classes, there are classes 
similar to some of the classes of any other type of classes. For example, we 
have i‘esm t‘y, whatever types 2 and y may belong to. This ambiguity of 
“sm” is derived from that of 1-1, which in turn is derived from that of 1. 
We denote (cf #65:01) by “1,” all the unit classes which are of the same type 
asa. Then (according to the definition *70-01) 1,—» 1, will be the class of 
those one-one relations whose domain is of the same type as a and whose con- 
verse domain is of the same type as 8. Thus “1,-»1,” is typically definite 
as soon as a and f are given. Suppose now, instead of having merely ysm 4, 
we have 

(qk). Rel,t1g.D‘R=y.0R=8; 
then we know not only that ysm 8, but also that y belongs to the same type 
as a, and 8 belongs to the same type as 8. When the ambiguous symbol 
“sm” is rendered typically definite by having its domain defined as being of 
the same type as a, and its converse domain defined as being of the same type 
as B, we write it “sm .),” because generally, in accordance with *65'1, if R 
is a typically ambiguous relation, we write Ra) for the typically definite 
relation that results when the domain of RB is to consist of terms of the same 
type as 4, and the converse domain is to consist of terms of the same type as 
8. Thus we have 
y8Miag) 5. =. (GR).Rel,lg.y=D‘R. 8 =A, 

Here everything is typically definite if a and 8 (or their types) are given. 

* The definitions of the arithmetical operations, and of finite and infinite, are really just as 
purely logical as what precedes them; but if we are to draw a line between logio and arithmetic 


somewhere, the arithmetical operations seem the natural point at which to place the beginning 
of arithmetic. 
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Passing now to the relation “No,” it will be seen that it shares the typical 
ambiguity of “sm.” In order to render it typically definite, we must derive it 
from a typically definite “sm.” So long as nothing is added to give typical 
definiteness,“Ne*y” will mean all the classes belonging to some one (unspecified) 
type and similar to y. Ifa is a member of the type to which these classes are 
to belong, then Ney is contained in the type of a For this case, it is 
convenient to introduce the following two notations, already defined in *65. 
When a typically ambiguous relation R is to be rendered typically detinite as 
to its domain only, by deciding that every member of the domain is to be 
contained in the type of a, we write “R(a)” in place of R. When we further 
wish to determine R as having members of the converse domain contained in 
the type of 8, we write “R(a, 8)” in place of A; and when we wish members 
of the converse domain to be members of the type of @, we write “R(a,)” in 
place of R. Thus 

sg“{Riaai} = {sg‘R} (ap) 
(cf. *65-2), and in particular, since Nc = ant 
Ne (ag) = sg‘smaa). 
Thus “Ne(ag)*y” is only significant when y is of the same type as 8, and 
then it means “classes of the same type as a and similar to ry (which is of the 
same type as 8).” 

“Ne(a)‘y” will mean “classes of the same type as a and similar to ¥.” 
As soon as the types of a and y are known, this is a typically definite symbol, 
being in fact equal to Ne(a,)*y. Hence so long as we only wish to consider 
“Nety,” typical definiteness is secured by writing “Ne(a)” in place of 
“Ne.” 


When we come to the consideration of NO, “Ne(a)” is no longer a 
sufficient determination, although it suffices to determine the type. Suppose 
we put 

NC* (a)=D‘Ne (as) Df; 
we have also, in virtue of the definitions in «65, 
NC (a)= NC n a= D‘Ne (a). 

Thus NG (a) is definite as to type, but is the domain of a relation whose 
converse domain is ambiguous as to type; and it will appear that there are 
some propositions about NC (a) whose truth or falsehood depends upon the 
determination chosen for the converse domain of Ne(a). Hence if we wish 
to have a symbol which is completely definite, we must write “NC® (a).” 


This point is important in connection with the contradictions as to the 
maximum cardinal. The following remarks will illustrate it further. 


Cantor has shown that, if @ is any class, no class contained in @ is similar 
to Cl‘8. Hence in particular if 8 is a type, no class contained in @ is similar 
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to Cl*8, which is the next type above 8. Consequently, if 8 =au—a, where 
a is any class, we have 


~(y) yy Cau—a.ysm Cl{(au—a), 
Now (cf. #63) we put 
tia=au—a Df, 
and we have tfa=Cl(auv—a), Thus we find 
~ (Ty) «7 Ctyfa.ysin ta, 

Hence Ne (ayq)tfa= A, 
That is to say, no class of the same type as a has as many members as ta has. 
Hence also 

Ae NC (a), 
But y Chika. d.yeNe(a)ty. D. gq! Ne(aa)‘y, 
and “Ne (a.)*y” is only significant when y Ct,‘a; hence 

weNC*(a).d,-ql ye 

and Awe NC* (a), 


Now the notation “NC (a)” will apply with equal justice to NC# (a) or to 
NC“ (a); but we have just seen that in the first case we shall have 
A~eNC(a), and in the second we shall have AeNC(a). Consequently 
“NC (a)” has not sufficient definiteness to prevent practically important 
differences between the various determinations of which it is capable. 


A converse procedure to the above yields similar results, Let a be a 
class of classes; then s‘a is of lower type than a. Let us consider NC#* (a). 
In accordance with #63, we write t‘a for the type containing sa, ie. for 
s‘4u—s‘a, Then the greatest number in the class NC* (a) will be Ne (a)t,°a; 
but neither this nor any lesser member of the class will be equal to Ne (a)‘t,“a, 
because, as before, 

~(ay) «7 Ct fa. sw t,fa, 
Hence Ne (a)‘t,“a, which is a member of NC* (a), is not a member of NO*(a); 
but NC*(a) and NC“*(a) have an equal right to be called NC(a). Hence 
again “NC (a)’ is a symbol not sufficiently definite for many of our purposes. 


The solution of the paradox concerning the maximum cardinal is evident 
in view of what has been said. This paradox is as follows: It results from a 
theorem of Cantor’s that there is no maximum cardinal, since, for all values of a, 

Ne‘Cl‘a > Ne‘a. 

But at first sight it would seem that the class which contains everything 
must be the greatest possible class, and must therefore contain the greatest 
possible number of terms. We have seen, however, that a class a must always 
be contained within some one type; hence all that is proved is that there are 
greater classes in the next type, which is that of Cla. Since there is always 
a next higher type, we thus have a maximum cardinal in each type, without 
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having any absolutely maximum cardinal, The maximum cardinal in the 
type of a is 
Ne (a)(a u — a). 
But if we take the corresponding cardinal in the next type, t.e. 
Ne (Cl‘a)(a v — a), 
this is not as great as Nc(Cl‘a)‘Cl(a v — a), and is therefore not the maximum 
cardinal of its type. This gives the complete solution of the paradox. 


For most purposes, what we wish to know in order to have a sufficient 
amount of typical definiteness is not the absolute types of a and 8, as above, 
but merely what we may call their relative types. Thus, for example, a and 
B may be of the same type; in that case, Ne (ag) and NC* (a) are respectively 
equal to Ne(a.) and NC*(a). We will call cardinals which, for some a, are 
members of the class NC*(a), homogeneous catdinals, because the “sm” from 
which they are derived is a homogeneous relation. We shall denote the 
homogeneous cardinal of a by “N,c‘a,’ and we shall denote the class of 
homogeneous cardinals (in an unspecified type) by “N.C”; thus we put 

N,c‘a=Nefantia Df, 

N,C = D‘N,c DE. 

Almost all the properties of N,C are the same in different types. When further 
typical definiteness is required, it can be secured by writing N,e (a), NoC (a) 
in place of Nic, NC. For although Ne (a) and NC (a) were not wholly definite, 
Nc (a) and N,C (a) are wholly definite. Apart from the fact of being of different 
types, the only property in which N,C (a) and N.C (8) differ when a and 8 are 
of different types is in regard to the magnitude of the cardinals belonging to 
them. Thus suppose the whole universe consisted (as monists aver) of a single 
individual, Let us call the type of this individual “Indiv.” Then N,C (Indiv) 
will consist of 0 and 1, ie. 

N,C (Indiv) = 0 v el. 
But in the next higher type, there will be two members, namely A and Indiv. 
Thus 

N,C (Indiv) = 0 v tl vu 0°2. 

Similarly N,C (¢*Indiv) = e0 vel v 2 vty 4, 
the members of ¢‘t‘Indiv being An t‘Indiv, tA, t‘Indiv, fA v e‘Indiv; and 
so on. (The greatest cardinal in any except the lowest type is always a 
power of 2.) 


The maximum of N,C (a) is N,e%,‘a; but apart from this difference of 
maximum and its consequences, N,C(a) and N,C(@) do not differ in any 
important properties. Hence for most purposes N,C and Nyc have as much 
typical definiteness as is necessary. 

Among cardinals which are not homogeneous we shall consider three kinds. 
The first of these we shall call ascending cardinals. A cardinal NC* (a) is 
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called an ascending cardinal if the type of f is ta or ¢'t*a or ¢t*a or ete. 
We write a for t't“a, tq for tt*t'a, and so on. We put 


N'efa = Nefanti‘a Df 
N®efa = Nefantta Df 
N'cefa = Ne‘an ta Df and so on, 


and NC =D‘N'c Df 

N°C = D‘N°c Df 

N°C = D‘Nic Df and so on. 
We then have obviously 

N'O (t£a) CN,C (#£a). 
We also have (by what was said earlier) ; 

Nyottfa ve NIC (éa). 

Hence A iN,C (ta) — NIC (ta). 


The members of N,C (t'a) — N'C (éfa) will be all cardinals which exceed 
Ne‘t,‘a but do not exceed Ne‘t‘a. 

Let us recur in illustration to our previous hypothesis of the universe 
consisting of a single individual. Then N'c‘Indiv will consist of those classes 
which are similar to “Indiv” but of the next higher type. These are tA and 
tIndiv. In our case we had N,c‘Indiv=1. This leads to 

N'e‘Indiv = 1. N*e'Indiv = 1 ete. 
or, introducing typical definiteness, 
N'c'Indiv = 1 (¢Indiv). N’c‘Indiv = 1 (#‘Indiv) etc. 
We have then 1 (¢‘Indiv) e N'C (¢‘¢‘Indiv). Also 
1 (Indiv) « N.C (Indiv). 
And in the case supposed, 1 ({‘Indiv) is the maximum of N'C (¢¢‘Indiv), but 
2 (¢*Indiv) e N,C (¢¢‘Indiv). Hence 
N,C (¢¢*Indiv) — N'C (¢'t*Indiv) = ¢2. 
Generalizing, we see that N'C (ta) consists of the same numbers as N,C (a) 
each raised one degree in type. Similar propositions hold of NC (#*a), 
N°C (#2) ete. 

It is often useful to have a notation for what we may call “the same 
cardinal in another type.” Suppose wz is a typically definite cardinal; then 
we will denote by «” the same cardinal in the next type, ie. 

smn n thw. 
Note that, if » is a cardinal, sm“ m=; and whether p is a typically 
definite cardinal or not, 

sin‘ n ta 
is a cardinal in a definite type. If « is typically definite, then sm“p 1 ¢a is 
wholly definite; if 1 is typically ambiguous, sm‘‘u a ta has the same kind of 
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indefiniteness as belongs to NC (a). The most important case is when » is 
typically definite and a has an assigned relation of type to uy. We then put, 
as observed above, 

pO=smipntin De 

p®=sm“unt Df ete. 
If w is an N,C, x is an NC and w® is an N°C and so on. N'C (ta) will 
consist of all numbers which are of the form y" for some 4 which is a member 
of N.C (a); we. 

NC (fa) = 3 {(qu). pe NC (a). =p}. 

The second kind of non-homogeneous cardinals to be considered is called 
the class of “descending cardinals.” These are such as go into a lower type; 
ie. Ne (a) is a descending cardinal if a is of a lower type than 8. We put 

Nycfa = Ne‘an tt,‘ Df 
Niefa= Nefan tit.fa Df ete. 

N,C=DNyc Df 
N,C= D‘N.c Df ete. 

py =sm*pot w Df 
fo =smipatsn Df ete. 


We have obviously N,cfa = N,c't'a. 
Hence N,C (a) CN,C (a). 
Also yeN,cS. >. NioS = Nyc’y, 
whence qi N.S. 3. Nice NC, 
whence N,C-—u'ACN,C. 


Since also Awe N,C (a), we find 

N,C =N,C—- ‘A, 
this proposition not requiring any further typical definiteness, since it holds 
however such definiteness may be introduced, remembering that such definite- 
ness is necessarily so introduced as to secure significance. Further, in virtue 
of the fact that no class contained in ¢,‘a is similar to ¢‘a, we have 

AeN,C (a). 

Consequently N,C=N,C uefa. 
We can prove in just the same way 

N.C=N,C vifA. 
Hence N,C=N,C, 
and this result can obviously be extended to all descending cardinals. 


The third kind of non-homogeneous cardinals to be considered may be 
called “relational cardinals.” They are those applicable to classes of relations 
having a given relation of type to a given class. Consider for example Ne‘ea‘«. 
(We shall take this as the definition of the product of the numbers of the 
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members of «.) Suppose now that « consists of a single term: we want to be 
able to say 

Ne‘ea‘« = Ne‘ute. 
We have in this case, if «=t‘a, 

eafc= 1 ata, 

and we know that | a“asma. But if we put simply 

Nef | a“‘a=No‘a, 
our proposition, though not mistaken, requires care in interpretation. Just 
as we put Uae Nic‘a, so we want a notation giving typical definiteness to the 
proposition | a‘aeNe‘a. This is provided as follows. 

Using the notation of #64, put 

Nyofa = Nefan ttq°a Df 
Nycfa = Ne‘an tt'a Df ete. 
NC = D'Nae Df 
NjC = DN, Ic Df ete. 
Hi = sin“ A tte‘t,4~ Df etc. 
Then we have, for example, 
LaffaCisa, te | aa tt fa, 
Hence | a‘ae N,c‘a, where N,'c'a = Ne‘an t't,!a. 
Similarly wetfa.d.| ofae Nycia. 
Thus the above definitions give us what is required. 

In order to complete our notation for types, we should need to be able to 
express the type of the domain or converse domain of R, or of any relation 
whose domain and converse domain have respectively given relations of type 
to the domain and converse domain of H. Thus we might put 

d‘R=1{D‘R Df 
bfR=t,a‘R Df 
(“b” appears here as “d” written backwards) 
do! R = td‘ R f by‘ R) Df 
=tR 
dR = ted, R f e™b,{R) Df and so on. 

This notation would enable us to deal with descending relational cardinals. 
But it is not required in the present work, and is therefore not introduced 
among the numbered propositions. 

When a typically ambiguous symbol, such as “sm” or “Ne,” occurs more 
than once in a given context, it must not be assumed, unless required by the 
conditions of significance, that it is to receive the same typical determination 
in each case. Thus eg. we shall write “asm @.>.8sma,” although, if a and 
B are of different types, the two symbols “sm” must receive different typical 
determinations. 


12 CARDINAL ARITHMETIC {PART II 


Formulae which are typically ambiguous, or only partially definite as to 
type, must not be admitted unless every significant interpretation is true. 
Thus for example we may admit 

“Fae Nefa” 
because here “Ne” must mean “Ne (a,),” so that the only ambiguity remaining 
is as to the type of a, and the formula holds whatever type a may belong to, 
provided “Ne‘a” is significant, ie. provided a is a class. But we must not, 
from “ae Ne‘a,” allow ourselves to infer 

«at Nefa.” 

For here the conditions of significance no longer demand that “Ne” should 
mean “Ne(a.)”: it might just as well mean “Nc(@,).” And as we saw, if 
8 is a lower type than a, and a is sufficiently large of its type, we may have 

Ne(@.)fa= A, 
so that “q!Ne‘a” is not admissible without qualification, Nevertheless, as 
we shall see in #100, there are a certain number of propositions to be made 
about a wholly ambiguous Ne or NC. 


*100, DEFINITION AND ELEMENTARY PROPERTIES 
OF CARDINAL NUMBERS 
Summary of *100. 


In this number we shall be concerned only with such immediate conse- 
quences of the definition of cardinal numbers as do not require typical definite- 
ness, beyond what the inherent conditions of significance may bestow. We 
introduce here the fundamental definitions: 


10001. Ne=sm Df 
#10002. NC=D‘Ne Df 

The definition “Ne” is required chiefly for the sake of the descriptive 
function Ne‘a, We have , 

#1001. +. Ne‘a=8(8sma)=A (asm 8) 

This may be stated in various equivalent forms, which are given at the 
beginning of this number (*100'1—16). After a few propositions on Ne as 
a relation, we proceed to the elementary properties of Ne‘a. We have 
#1003. | .aeNefa 
#10031. FiaeNc'8.=.8eNea.=.asmf 7 
#100321. F:asm 6.3. Ne‘a=Ne'B 
#10033. Fim I Nefan Nc‘B.D.asmB 

We proceed next to the elementary properties of NC. We have 
#1004. FiweNC.=.(q2).p=Nea 
#10042. Fip,veNC.qipav.d.p=y 
#10045. Fi yeNC.aew.>.Nea=p 
#10051. FrueNC.aepn.>.sm%p= Nea 

Observe that when we have such a hypothesis as “ze NC,” the », though 
it may be of any type, must be of some type; hence the » cannot have the 
typical ambiguity which belongs to Ne‘a. If we put »=Ne‘, this will hold 
only in the type of y; but “sm” is a typically ambiguous symbol, which 
will represent in any type the “same” number as yw. Thus “sm“p=Ne‘a” 
is an equation which is applicable to all possible typical determinations of 
“sm” and “Ne.” 

#10052. FiweNC.qiyv.>.sm“peNC 

The hypothesis q! is unnecessary, but we cannot prove this till later 
(#102). 

We end the number with some propositions (*100°6—-64) stating that 


various classes (such as ua), which have already been proved to be similar 
to a, have Ne‘a members. 
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410001. Ne=an Df 

410002. NC=DNe Df 

«1001. +.Nefa=A(@sma)=R(asmf) [¥32-13. 73°31 . (x100-01)} 
#10011. +. Ne‘a=—\(qR).Rel>1.D'R=a.0'R=f} [*1001.¥731] 


410012, .Nefa=A (qk). Rel 1.aCD‘R. B= Ra} 
{#1001 . #7311] 


= 
410013, +. Ne‘a=C“(1— 1 a D‘a) = D“(1—> 1m Ca) 


Dem. 
+. #10011 . #33°6. DE. Neta= A (qR).Rel—>1.Re Da. ‘R= f} 
[#22'33.437-6] mi sl in DS) (1) 
b. #1001. #731. #3861. D1. Noa=A (qk). Rel +1. Re Ua. R= f} 
[422'33.437°6] =D“(1— 1 Ua) (2) 
b.(1).(2). 35. Prop 


#10014. |. Nefa=8(qR).aCG‘R. RP acl 31.8 = Ra} 
[#7315 . #1001] 


#10015. |. Nea=A {(qR): EN R“a: 
a, yea. Rae=Ry.d2y.c2=y¥1 B= Ra} 
Dem. 
b.x74L11.> 
FEU Rara,yea.Ra=RYy.dpy.c=yt BaRars: 
RfhaelaCls.aCGR. Rf aclw1.g=R“a (1) 
b. (1). #471. #10014. DF.. Prop 


*10016. F.Nea=8 (QR) i.0, yea. Inyi Rao=Ry.s.2=y3. B= Ra} 
Dem. 
b. #7159. 
bina, yea. Dz: Ra=Ry.s.2=y1=.RfPaelol.aCder qd) 
F.(1).*10014.34+. Prop 
#1002, FE! Ne‘a [#3212. (100-01)] 
#10021. +.d‘Ne=Cls 
Dem. b .¥87°76 . (#10001). +. ‘Ne C Cls (1) 
b. #33431 .#1002. 3.ClsC ‘Ne (2) 
F.(1).(2).D4+. Prop 
#10022. |. Ncel—oCls [#72'12. (*100°01)] 
*1003. t.aeNefa [*73°3 . *100°1] 
Note that it is fallacious to infer q!Nc‘a, for reasons explained in the 
introduction to the present section. 


SECTION A] ELEMENTARY PROPERTIES OF CARDINAL NUMBERS 15 


#10031. FraeNeB.=.8eNefa.=.asmf [#8218 . #7331. (*10001)] 
#10032. FiaeNe‘8.8eNe‘y.D.aeNe‘y —[#100°81 . *73'32] 
#100321. F:asm 8.5. Ne‘a=Ne‘8 
Dem. 
F.#*7337.3+:Hp.diysme.=,.ysm Bt 
[*100°1] D:Nefa=Ne‘8:. D+. Prop 
Note that Nefa=Ne‘8.3.asmf is not always true. We might be 
tempted to prove it as follows: 
F.#1001. 3b: Nea=Ne'@.Stysma.s,.ysm Pi 
[¥101] Diasma.=.asm@: 
[«73°3] DJiasm 
But the use of *10°1 here is only legitimate when the “sm” concerned is 
a homogeneous relation. If Ne‘a, Nc‘@ are descending cardinals, we may 
have Ne‘a=A=Ne‘@ without having asm 8. 
#10033. EF: qINefan Nci@.3.asm 6 


Dem. 
F.*1001.5+:Hp.>.(qy)-ysma.ysm 8. 
[*73°31] D.(qy)-asny.ysm @. 
[#7332] D.asmf:D+. Prop 
Note that we do not always have 
asmB.D.qINean Nesp. 


For if the Ne concerned is a descending Ne, and a and @ are sufficiently 

great, Nc‘a and Ne‘8 may both be A. For example, we have 
Cl(au —a)sm Cla uv — a). 
But Ne (a)*Cl{(a uv — a) =A, so that 
wa! Ne (a)Cl(au — a) a Ne(a)Cl(au — a). 

Thus “asm 8.>.q 1 Ne‘an Ne‘Q” is not always true when it is significant. 
#10034. Fi q!Nefan Nc‘B.3.Nea=Ne‘B [*100°33:321] 
#10035. Fig! Nefa.v.qtNes8:3: 
Nefa=Ne‘8.=.aeNe"B.=.8e Nea. =.asmB 


Dem. 
b. #225. D:.Hp.d:Ncefa=Nef8.3.q!NefanNeB. 
[*100°33] D.asmB qd) 
F.(1).*100°321.3+:.Hp.3:Ne‘a=Ne‘8.=.asm 8 (2) 


F.(2). #10031. D+. Prop 


Thus the only case in which the implications in *#100°321'33'34 cannot be 
turned into equivalences is the case in which Ne‘a and Ne‘@ are both A. 


*100-'36. Fs. 8eNefa.Diqia.=.q!t@ [*10031 .*73:'36] 
#1004 biweNC.=.(qa).~=Ne‘a — [%37-78-79 . (#100-02-01)] 
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#10041. +.NefaeNC [100-42 . ¥14°204] 
#10042. Fip,veNC.qiwaved.w=v 


Dem. 
F.#*1004.5+:Hp.>.(qa,8).#=Nefa.v=NeB.q! Nean Nesp. 
[*100°34] D>. (qa, 8). w=Ne‘a.v=NeB.Nea=Ne‘p. 
[14°15] D.p=v:DF. Prop 


#10043. +.NCeCls*excl [100-42 . 84°11] 
#10044. Fi.weNC.q!Nea.diacp.=.Neaap 


Dem. 
F.#1003.5F: Nefa=p.d.acp qd) 
b. #1024. 3: weNC.qiNea.aew.D. 
weNC.q!u.q!Nefaacu. 

[*100°4] D.(q8)-w=NefB.qiNe'B.q!Nea.aeNeB. 
[*100°35] 3 .(q8)-w=Ne“B.Nea=Ne'p. 
[xl415] D.Nefa=p (2) 
F,(1).(2). DF. Prop 

#10045. FiweNC.aep-3.Nefa=p [*100-431'321] 

#1005. F:iyweNC.aBeuw.d.asmB 


Dem. 
F.#1004. 3: Hp. >. (gy). p=Nety.aBeNefy. 


[#100°31] D.(iy)-asmy.8smy. 
[*73'31°32] >.asm8:D+. Prop 

#10051. F:weNC.aep-D.sm%p=Ne'a 

Dem. 

F.#1005. Fact. DF:.Hp.3:Bepn-ysm8.d.asmf.ysmf. 
[#73°31'32] D.asmy. 
{*100°31] D.vyeNefa (1) 
E.(1).#10°11-21-23 .¥871. 2b: Hp. 2. smpC Nota (2) 
b. #10031. Dt:.Hp.DdiyeNefa.d.ysma.acp. 
[*37°1] 


D.vyesm“p (3) 
F.(2).(8). D4. Prop 
#100511. ti qitNec"8.3.sm‘NeB = Ne“B 


Here the last “Nc*g” may be of a different type from the others: the 
proposition holds however its type is determined. 


Dem. 
F,*100°51-41.3+:aeNei8.D.sm“Ne8 = Ne“a 
[#100°31°321] = Nes 


(1) 
F.(1) «#101123. +. Prop 
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#100562. FiweNC.mqty-eD.smpeNC [*100°51°4] 

This proposition still holds when »= A, but the proof is more difficult, 
since it depends upon the proof that every null-class of classes is an NC, 
which in turn depends upon the proof that Cl‘a is not similar to a or to any 
class contained in a. 


#100521. F:weNC.q!sm“p.>.sm“sm“p = p 


Dem. 
t .#37°29. Transp. t:.Hp.d:iq!p: 
{*100°52] DismpweNC: 
[*100°51.Hp] Diyesm“y.D.sm‘‘sm‘p = Ney qd) 
b.#871. Fact. Dk:Hp.yesmp.d.(qa).aew.weNC.ysma. 
[*100°45'321] 3. (q2).Nefa=p. Ne‘y=Ne'a, 
[#1317] D.Nety =u (2) 
F.(1).(2). Db: AHp.yesm“n.3.sm“sm“p= we (8) 


+. (3). #10°11-:23:35 . DF. Prop 

#10053, F:i.qiv.qiv.diweNC.v=sm“p.=.veNC.p=smy 
Dem. 

F.*10052. Iki Hp.DdspweNC.v=sm“u.d.veNC qd) 

F, #100521, +:.Hp.dipeNC.v=sm“p.3.n=sm“y (2) 

F.).(2). DEN Hp. DipeNC.yasm“p.d.veNC.p=sm (8) 


Y, 
+8). (8) 24D. Prop 


¥1006. Fb .u“aeNe‘a («73°41 . #100°31] 
*10061. +. B (ay) yea. B=Uau tty} eNeta [73:27 . #5421 . 10031] 
#10062. -.a| “ae Neva («73-61 . #10031] 
#100 621. F . | 2a e Nea [*73°611 . #10031] 
#10063. +. e4‘tfae Ne“a [4#83°41 . *100°31] 
#100631. +. Dé‘eq‘t'a e Nefa [%83'7 . *100°6] 
#10064. F:«6Cls’excl. >. D'eate C Ne“ 
Dem. 
b.*843.#8014.53+:Hp. Reese. >. Relwi.x=Ch. 
[*73-2.*10031] >.D‘ReNe‘e: D+. Prop 


R&w It 2 


#101, ON 0 AND 1 AND 2 


Summary of #101, 


In the present number, we have to show that 0 and 1 and 2 as previously 
defined are cardinal numbers in the sense defined in *100, and to add a few 
elementary propositions to those already given concerning them. We prove 
(#101-12:241) that 0 and 1 are not null, which cannot be proved, with our 
axioms, for any other cardinal, except (in the case of finite cardinals) when 
the type is specified as a sufficiently high one. Thus we prove (#191°42-43) 
that 2a, and 2g, exist; this follows from A+V and A+V. We prove 
(*101'22'34) that 0 and 1 and 2 are all different from each other. We prove 
(#101'15°28) that sm‘‘0=0 and sm“1=1, but we cannot prove sm‘‘2 =2 
unless we assume the existence of at least two individuals, or define the first 
2 in “sm2 = 2” as a 2 of some type other than 2,,4;,, where “Indiv” stands 
for the type of individuals. 

It should be observed that, since 0 and 1 and 2 are typically ambiguous, 
their properties are analogous to those of “Ne‘a” rather than to those of p, 
where ze NC. For example, we have 
#100°511. F: qi NcfB.3.sm“Ne‘B = Nes 
but we shall not have we NC. q!y.2.sm‘u = unless the “sm” concerned 
is homogeneous, since in other cases the symbols do not express a significant 
proposition. But in #100°511 we may substitute 0 or 1 or 2, and the 
proposition remains significant and true. In fact we have (#101-1:2°31) 

F.O=NefA.1=Ne‘t'a. 2 = Ne(i't'a v ufA), 
where 0 and 1 and 2 have an ambiguity corresponding to that of “Ne.” 


#1011. +.0=NefA [*73°48 . *100°1} 


#10111. F.0¢eNC [#101-1 . #100-4] 
#10112. t.qto [451161 . (#54°01)] 


#10113. F.g!OnClea.Ne0n Cla [*51-16 . #603] 
#10114. FiNeWy=0.=.yHA 


[41 01+1 54-102] 
[&101°1:12.413'194] 


»ysA.qINeA. qi Ney. 
»y=AiDb. Prop 


Dem. 
F.*lOL112. 3+: Nety=0.5.Nefy=Ne‘A.qiNctA. 
[#13194] =.Nefy=NeA.qiNefA.m!Noty. 
[100°35] =.yeNcA.qiNe'A.qiNe’y. 
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#10115. +.sm“0=0 


Dem. 
F.a371. DF: yesm“0.=.(qa)-ae0.ysma. 
[54102] =.ysmA. 
[#7348] =.ye0:D+. Prop 

#10116. bi.weNC—t0.Diaews a Gia 

Dem. 
b.*100°45 . DeipeNC.Acyp.d.p=NeoA 
[#101-1] =0 (1) 
F.(1). Transp. Db: weNC—e0.d:Avepu: 
[*24°63] Diaep.2,. Gta: It. Prop 


#10117. F:AeNea.=.NeG@=0.=.Nea=Ne'A.=.a=A 
Dem. 


F.*100°31:321.D+:AeNe‘a.>.Ne‘a=NefA. 

[#101°1] >.Nefa=0 ql) 
b.*10118, Dr: Nefa=0.>5.Ace Nea (2) 
F.(1).(2). Dk: NeNea.=.Nofa=0. (3) 
[¥101-1] =.Ne‘a=NefA. (4) 
[#101:14] =.a=A (5) 


F. (3). (4) «(8)» DF. Prop 
¥1012, -.1=Ne‘tfe [#7345 .#1001] 
#10121. F.leNC [*101°2 . *100°4] 


#10122. 1.140 
Dem. 
F.452'21.4101:18.3F.Axve1.Ac0. 
[#1314] DF.1+0 


#*101:23. F.1A0s=A 
Dem. 
b.#52°21. Dkrael.D.atA. 
[#54102] Diaved ql) 
F. (1) .#24°39.D+. Prop 


¥10124. biqta.>.q!la Cl 


Dem. 
b .*52'22.460°6.Db:vea.d.Uwel na Cla (1) 
. (1). 1011-28. 3+. Prop 


20 
101-241 


#10125. 
Dem. 


#*101:26. 
Dem. 


*101-27. 
Dem. 


#10128, 
Dem. 


#*101-29. 
Dem. 
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.Regil [52-23] 
Frael.BCa.B+a.3.fe0 


F . #5264, #22621. Dbiael. PCa, Bel v0 


+. #5246. Dh:a,8el.6Ca.d.B=at 
[Transp] Dk:ael.-BCa.Bt+a.d.Brel 
F.(1).(2).3 +. Prop 


F.sCl*1=001 


£60371 . *40°48. 3. sCI“1 COUL 


+ .*60°3'34. DEAN eClifa. ee Chufa. 
[2#52°22.%40°4] Db. Aes*Cl“1 .ufee sfCl1. 
[x51 252-1] DE.OC SCM 1.0 8°Cl1 
F.(1).(2). DF. Prop 


F.1=@{(qe).vea.a—tee0} 


F.*54'102.3 
bi(qa).tea.a—lme0. =. (qu). wea.a—-le=A. 
[*24-3] =.(qa).vea.aCue. 
[*51°2] =.(qa).a=ua, 

[#521] =.ael:>. Prop 
f.sm‘1=1 

b.«871. 3b ryesm1.=.(qa).acl.ysma. 
[#52-1] =.(q2).ysmee. 

[#7345] =.yel: dt. Prop 


brie Nefa.=.NeGel.=.Nea=Ne%t@%.=.ae1 


F. 10031321. Dks:ifweNefa.D.Nefa=Neee. 


[*101°2] 2. Nefa=1 

b. #5222, DE: Nefa=1.3.Uwe Nefa 
F.(2).(2). DhkitweNea.=.Nea=l1l. 
[101-2] =. Nefa=Nei'a 
F. «101-2 .%521.Dbsae1.5.Nea@=1 

+. *100°3. DE:Nea=1.d.ael 


F.(3). (4). (5).(6). DF. Prop 


(PART 111 


(1) 
(2) 


(1) 


(2) 


(1) 
(2) 
(3) 
(4) 
(5) 
(6) 
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#1013. Fraty.d.2=Ne(ieu tty) 


Dem. 
b.#73°71°43 .451'231.5+:. Hp. dizpw.d. (uv iw)sm (Ue vty): 
[*54101} D:Be2.D.Psm(te vty): 
[#1001] D1 2C No(t%ev ty) (1) 


+ .453°32.#71163.5t:Rel+l.a,yeAR.D. 
Rev fy) =UR avi Ry (2) 
+.#*71'56. Transp. DF: Hp. Rel->1.a,yeCSR.D. Roae+ Ry (3) 
b . (2) « (3) «54°26. D 
b3.Hp.3:Rel—l.a,yeTR. B= Rau ty). 3. Bed: 
[10°11 -21-28.451234]D :(qR).Rel—l.ueuvyC OR. B=R(vour'y). 
2. Beds 
[*73'12.*100°1] Di Nef(elw v uty) C2 (4) 
F.(1).(4). 5. Prop 
#101301. +.2=@{(qu).vea.a—iwel} [543] 
In comparing #101°31 with *101:1:2°3, it should be observed that ea 
and A are both classes, whereas in #101'1°2°3 there was no typical limitation 
beyond what was imposed by the conditions of significance. 


#10131. +. 2=Ne(uteta v utA) 


Dem, 
b.x51161. Db.uwetA qd) 
F.(1).*101°3. D+. Prop 
#*101°32. F.2eNC {*101°31 . *100°4] 
#10133. F:a8el.anB=A.Dd.avuBe2 [#5443] 
#10134. +.24+0.2+1 
Dem. 
F.101°13. DrF.A€0 (1) 
F.#*101°301. Dt:ae2.d.qla: 
[(*24°63] Dr.Arve? (2) 
b.(1). (2). 41314. Db.2+0 (8) 
b #5222 . #5426 . 29-56. Db yell. uyre2. 
[*13-14] DrF.1+2 (4) 
F.(8).(4). 34. Prop 


#10135. .2n0=A.2n1=A_ [*100-42. Transp . *101°11-21:32'34] 
#10136. Fiae2.@Ca.B+a.d.fe0ul 
Dem. 
b.#5442. Dkiac®.BCa.qiB-B+a.d.8e1 (1) 
b. #54102. DF:eqig.>d.fe0 (2) 
b.(1).(2). DF. Prop 
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#10137, b.sCl"2COULU2 [54411] 
410138. Fig!2.2.sCl2=0uUl U2 


Dem. 
F.x603. Db:Hp.d.(qa).ae2.AeCla. 
[#40°4] D.AesCl2. 
[¥51-2] 2.0 CsCl2 (1) 
b. 60°34. Dh. 2 CsCl2 (2) 


F.*54101. 3b:: Hp. 3s. (qa,y).atyi 
[#13°171.Transp]} Di. (Ga, y)ie(2)igta.vegtyt 


[#54-26] Die(qa yi. (2)iie viwel.vitevlye2s. 
[11-26.%22'58] D1 (2) (qa, B)rae2.ezeCla.v.fe2.zeClB:. 
[40-4] D(z). UzesCl2:. 

[¥521] D2.1CsCe2 (3) 


F. (1). (2). (8). #10137. +. Prop 
#1014. Fi(qa,y)-aty.=.q!2 


Dem. 
b.45426. Dhiraty.d.q!2: 
{#11-1135] DF i (qa,y).e¢y.9.q12 QJ) 
b.#54101. Db rac2.>.(qa,y). aby: 
[#10°11-23] DErq!2.3.(qa,y).aty (2) 
F.(1).(2). D+. Prop 


When we are considering the lowest type occurring in a context, our 
premisses do not suffice to prove (qa,y).e+y. For every other type, this 
can be proved. Thus A+V and A+V give the required result for classes 
and relations respectively. 

#10141. bi(qz).cetV.=.q!t2 
Dem. 
F.*2414. Transp. > 
bi. (qa). tet Via: (qe): (qy).yreta: 
[#5115] =:(qa,y).a+y: 
[#101°4] =:q!2:. D+. Prop 
#10142, b.qlQa,.SAulV e Qa, 

Dem. 

F. #2041 £4247 .5F.A,VeCls. AV (1) 
b.(1) 245426. DEA UE Ve? AVIV COs. 
[#63°371:105] Dr.ukAVIV e2ntCls. 

[(*65°01)] DEA ULV €2y,. D+. Prop 


#10143. |. 124 [Proof as in ¥101-42] 


102. ON CARDINAL NUMBERS OF ASSIGNED TYPES 


Summary of #102. 


In this number, we shall consider a typically definite relation “Ne,” ie. we 
shall consider the relation, to a class 8 which is given as of the same type as 
B, of the class » of those classes y which are similar to 6 and of the same type 
asa. We shall then put 

w= Ne (ap), 
ye Ne(ag)‘6, 
sme, 6 5, 
and the class of all such numbers as yw for a given a and @ we shall call 
NC (a), so that 
NC8 (a) = D‘Ne (a4). 

The notations here introduced for giving typical definiteness to “sm” and 
“Ne” are those defined in *65 for any typically ambiguous relation. 

By #63:01°02 we have, if a is a typically ambiguous symbol, 

bia, =an ta, 
F.a(e)=antea. 

Thus +.a(#)=ay4,. If we apply the definitions to 1, “1,” is meaningless 
unless z is a class; we therefore write a Greek letter in place of x, and we have 
F.lg=latB=l n(uipyu —ep). 

If we 8, we shall have ua@=@.v.t'a+B. Hence 

FiveB.D.tre lg. 
Similarly braneB.D. Uwe lg. 
Thus bswetK B.D. trels. 
The converse implication also holds, so that 
bi vet({8.= .teelg. 

Thus 1, consists of all unit classes whose sole members # either are or are 
not members of 8,1. for which “xe 8” is significant. 

In “vetfB.D-.t'xelg,” the hypothesis renders explicit the condition of 
significance; thus “t‘re1,” is always true when significant, and always signi- 
ficant when x et,‘@. On the interpretation of negative statements concerning 
types, see the note at the end of this number. 

It should be noted that all the constant relations introduced in this work 
are typically ambiguous. Consider eg. A, sg, D, s, 4, Z, ¢, ¢, Cl, Rl. These 
all have more or less typical ambiguity, though all of them have what we will 
call relative typical definiteness, i.e. when the type of the relatum is given, 
that of the referent is given also. (In regard to D, it is not true that, conversely 
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when the type of the referent is given, that of the relatum is also given.) But 
“sm” and “Ne” have not even relative definiteness. When the type of the 
relatum is given, that of the referent becomes no more definite than before; 
the only restrictions are that the relatum for “sm” or “Nc” must be a class, 
that the referent for “sm” must be a class, and that the referent for “Ne” 
must be a class of classes. When a relation R has relative definiteness, it is 
enough to fix the type of the relatum; and if further Re 1—>+Cls, so that R 
leads to a descriptive function, “R‘y” has complete typical definiteness as soon 
as the type of y is given. Now the constant relations hitherto introduced, 
with the exception of “sm” and “V,” have all been one-many relations, and 
have been used almost exclusively in the form of descriptive functions. Hence 
no special notation has been required to give typical definiteness, since “R‘y,” 
in these circumstances, has typical definiteness as soon as y is assigned. But 
with the consideration of “sm” and “Ne,” which do not have even relative 
definiteness, an explicit means of giving typical definiteness becomes necessary. 
It should be observed, however, that “Ne‘S” has typical definiteness, when 8 
is known, as soon as the domain of “Nc” has typical definiteness, since 6 must 
belong to the converse domain. It is for the sake of this and similar cases that 
we introduced the two definitions in *65, which only give typical definiteness 
to the domain. 


In virtue of the definitions in *65, if R is a typically ambiguous relation, 
and « is a referent, R becomes R,; if, further, y is a relatum, R becomes 


: > > > 
Rey. If wis a referent for R, we have (qy). ae Ry, and R‘yeD‘R. Thus 


DR has a member of the type next above that of «, ie. of the type of ua. 
Thus o> 
F + sg'(Re) = (2) 
and F.sg{Re,»} = (2) (a) 
as was proved in «65. Hence in particular 
F. sg*{smyo,ay} = Ne (ag). 

It is chiefly for this reason that it is worth while to introduce the defini- 
tion of R (ay). 

We have, in virtue of the above, as will be proved in #102°46, 

bryetta, def@.ysmd.=.ye Ne(ap)‘d. 

With regard to “Ne (a),” which is to be interpreted by *65°04, some 
caution is necessary. This will mean some one of those typically different 
relations called “Nc” which have their domains composed of terms of the 
same type as a. But it will not mean the logical sum of all such relations, 
because these relations are of different types according as their converse 
domains differ in type, and therefore their logical sum is meaningless. Thus 
for example if the type of @ is lower than or equal to that of a, we shall have 

Fig! Ne (a)‘B, 
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whence, if “Ne(a)” has its converse domain composed of terms of the same 
type as B, 
be Ave D‘Ne(a). 
But if @ is of higher type than a, we shall find 
bk. Ae D‘Ne (a). 
Thus “Ne(a)” is indeterminate in a way that makes a practical difference. 

Exactly similar remarks apply to NC (a). We have 

Fa NC (a)=D‘Ne (a); 

thus “NC(a)” shares the ambiguity of “Ne(a).” The question whether 
Ae NC (a) depends upon the decision of this ambiguity. The difficulty is that 
“NC (a)” stands for the domain of any one determination of “Nc” which has 
its domain composed of objects of the type of Ufa; but it is the domain of only 
one such determination of “Ne,” because different determinations are of dif- 
ferent types,and therefore cannot be taken together, even when their domains 
are all of the same type. In consequence of this ambiguity, “NC (a)” isa symbol 
which is as a rule better avoided, and “Ne(a}” is not often useful except as 
a descriptive function, in which case the relatum supplies the requisite typical 
definiteness. 

The peculiarity of “NC (a)” is that it is typically definite, and yet is 
capable of different meanings: it is not wholly definite, being defined as the 
domain of a relation whose converse domain is typically ambiguous. It results 
that we cannot profitably make “NC” half-definite, as “NC (a)” does, but must 
make it completely definite, as we do by taking D‘Ne (ag). For this we adopt 
the notation NC%(a). We cannot adopt the notation NC (ag), because that 
would conflict with *65°11, nor NC(@)g,, because that would conflict with 
%65-01, nor NCg (a), for the same reason. But NC* (a) has no previously defined 
meaning. We may if we like regard “NC*” as D‘(Nc[t‘8). Then the required 
meaning of “NC#(a)” would result from *65°04. But as “NC®” so defined is 
not required, it is simpler to regard “NC (a)” as a single symbol. We there- 
fore put 
*102:01. NC*(a)=D‘Ne(as) Df 

The present number begins with various propositions (#102°2—27) on a 
typically definite relation of similarity, ¢.¢. sm a,g;. We then have a set of 
propositions (*102°3—46) on “Ne(ag)'5.” This is only significant if 8 and 8 
are of the same type; it then denotes the class of those classes which are 
similar to § and of the same type asa. We then have a set of propositions 
(*1025—'64) on NC# (a), ie. on cardinals consisting of classes of the same 
type as a which are similar to classes of the same type as 8. We next prove 
(*102°71— 75) that no sub-class of a is similar to Cl‘a, and therefore 
(substituting ¢‘a for a) no class of the same type as a is similar to ¢a, and 
therefore 
*102-74, +. Ae NCM(a) 
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This proves that A is a cardinal, which is a proposition constantly required. 
The remaining propositions of *102 are concerned with smu where pu is a 
typically definite cardinal. 


The most useful propositions in this number (apart from *102°74) are 
#1023. brysmg,a) S.=-ye Ne (ag)5 
102-46. FsyeNe(ag)'8.=.5eNe(Ba)*y.=-ysmd.yeta.deth 
#1025. Fi we NCF(a).=.(q5). = Ne(ag)‘8 
#1026. +. Ne(a)‘@=Ne(ag)\B=4 (ysmP-yet'a) = Ne'Bn ta 
#10272. F:@Ca.3.~(8 sm Cla) 


This is used in proving ze NC.>.2#> yu, which is the proposition from 
which Cantor deduced that there is no greatest cardinal. (If w=Ne‘a, 
2« = Ne‘Cl‘a, and thus there is a rise of type.) 

#10284 b:(qy).ysma.yeta.dsmy.=.dsma 
#*102'85. F.sm“unt'B =sme pu 


#10201. NC*®(a)=D‘Ne(ag) Df 
#10211. /:Rel—1.3. Rey el (a) 1(y) 

Here, if R is a real variable, the conditions of significance require 8 = Ry,y. 
But if R is a typically ambiguous constant, such as J or A or sg, By,» is a 


typically definite constant. It is chiefly for such cases that propositions such 
as the above are useful. 


Dem. 
F .37-402. (65:1). DF. D‘Ri,y Ca. 
[¥*33°15] DE. {se' Re, wife C ta. 
[*63'5] DF. {sg Re, p} fz tte (1) 
b.(1).*71:102. Dt: Hp.zeA'Rey -d. {sg'Rey}zeln tte. 
[(#65-02)] Dd. {sg'Rey}tzel(«) (2) 
Similarly b:Hp.weD‘Ry y-D- {gs‘Re,w}wel(y) (3) 
F.(2).(3).*70°'1. 3+. Prop 

#102138. ':Rel+1.3.R,e1(@) 91 [Proof as in *102'11] 


#1022. Fiysmeg d.=.ysmd.yeta.detB [*35°102 . (*65°1)] 
#10221, Frysma. 5.5.(qR)-Relt1.D‘Reta. 
URet'g.D'Ray.CR=8 [#102-2. #731] 
#10222. brysm(o,y)8.5.ysmS.y Cte. SCHy [635 « (x65-12)] 
*102-23, fF sysm(a,y)8.=.(qR).Relo1.D‘RC#tie. 
URCty.DR=y.G‘R=5  [¥102-22.*73-1] 
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#10224 biysm(a,y)é.=.(qR). Rel (e) lly). DR=y.a‘R=5 
Dem. 
F .#102'23 . #40°5°52°43 . #37-25.D 


> 
Fi.ysm(a,y)5.=:(qR):ReloaliweGR.D,.RwCta: 
& 
zeD{R.D,. Re Cty: DR=y.0‘R=8: 
> 


[*63°5] =1(qR): Rell. ROR Cte. RDR CMY. 
DRay.0R=3: 

[471-102.(#65°02)] = #(q.R).R“ OR C1 (2). B“D'RC1(y). ‘Bay. Rd: 

[*70°1] =i(qR).Rel(a)ol(y). DieR=y.CR=8:. 5+. Prop 


#10225. biysma,a $.=.(qR).Relzols-D‘'R=y.0‘R=58 
[Proof as in *102'24] 
4102-26. Fiysmes S.9 saa 5. D. 98M faa) 


Dem. 
b.x1l022.3+:Hp.d.ysmd.y' smé.y,¢ etfa. 
[*73'32] D.ysmy’-¥,7 eta. 
[*102:2] 2. y8M a,0) yD. Prop 


#10227. Frys gag) 5-'SmM ap) 5+ I+ y¥SMoe,0)y [Proof as in *¥10226] 
#1023. Fry sm gag 8.=.ye Ne (ag) 


Dem 
b.*3218.3 
bsysm ag S.=. ve (sg'sm «p}‘d- 
[*65°2] =. ye {(sg‘sm) (a,)}‘8- 
[(4100°01)]  =.yeNe(ag)8: DE. Prop 


410231, f. No(ap)8-= D“{1 9 1n RD Reta. Retf. R= 8)} 
Dem. 
fF. 1023-21. 
FsyeNe(ag)'S.=.(qk).Rell .D'Reta.d‘'Ret'p.D‘R=y.-A‘R=5. 
[#33°123.437-1] =. yeD“{1 ola RD Reta. Ret. CR=S)}: 
DF. Prop 


li 


#10232, F.Ne(ag)8=D'{(1, > 1) a 8} 


Dem. 
bk .*102°3:25 . > 


Frye Ne(ag)S.=.(qR) -Relalp- Di Ray. R= 5. 
[*33°61] =.(qh). Rel. lp ReG8.DR=y. 
[*33°123.437°1] =. ye D‘*{(1.—> 1s) 9 18}: Dt. Prop 

#10234, F.Ne(a, 8)S=D"{loln RD Reta.RCKg.A'R=d)} 
[Proof as in *#102°31] 


ul 
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- 
410235. +. Ne(a, 8)'8=D*{{1,>1()} n G3] [Proof as in #10232] 
410236. 1. E!Ne(ag)3 [*102'31 . #1421] 

This proposition is true whenever it is significant, and is significant when- 


ever 5¢¢8, When 6 belongs to some other type, the above proposition is not 
significant. 


#102361. F. E!Ne(a, 8) [¥102-34. #1421] 
#10237. F.C‘Ne(ag) = t8 


Dem. 
b #87402. (#6511). Dk. ONe (ag) C468 ay) 
+. #10236 .#33-43. D.(8).8¢ ONe(ag). 
[#63'14] DE. fANe (ag) = A‘Ne (ag) (2) 
F. (1). #6321. Dk. t<C!Ne (ag) =t8 (3) 
F.(2).(3). DF. Prop 


#1024 Frye Ne(ag)'S. ry’ ¢ No(ag)'S.D.yeNe (aq)'y — [#102°3-26] 
#10241, FiyeNe(ag)S.y’¢Ne(a'p)'S.D.yeNe (aay [#102327] 
410242, F.aeNo(ag)'a  [#102'3-2. #733 . #63°103] 

#10243, F.q!Ne(a)a [102-42] 

This inference is legitimate because, when a is given, “Nc (a,)‘a” is typically 
definite. The inference from “ae Ne‘a” (which is true) to “gq ! Ne‘a” is not 
valid, because “q ! Nc‘a” may hold only for some of the possible determinations 
of the ambiguity of “Ne.” 


#10244, Frasm®.=.aeNe(a)'8.=.8¢Ne(B.)fa 


Dem. 
-  b. #63102. 
Frasm@.=.asmf.actia.Bet!B (1) 
+. (1) «#10223. DF. Prop 
#10245. biyeNe(ag)'S. DD. ye Ne (a) %y 
Dem. 
F.#10232.5F:Hp.d. vet fa (1) 
F.x733.  Dk.ysmy (2) 
F.(1).(2).#1023-2.4. Prop 
#10246, Five Ne(ag)'S8.=.5¢No(B.)y. =. ysm 8. yeta. det 


[#10223 . *73°31] 
#1025. bi we NC8(a). =. (8). = Ne(ag)'S [#100-22.%71-41 .(4102-01)] 
In using propositions, such as those of «100, in which we have a typically 
ambiguous “Ne” or “NC,” any significant typical definiteness may be added, 
since, when a typically ambiguous proposition is asserted, that includes the 


assertion of every possible proposition resulting from determining the 
ambiguity. 
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#102501. +. No (as)'SeNCF (a) [%102'5°36] 
#10251. bz ye Ne(ag)S. 3. Ne (ag)5 = Ne(a.)fy - 


Ne (ag)‘8 e NC# (a) « Ne (aa)‘y e NC# (a) 
Dem. 


b.*102'3:2.5 
bi. Hp. Drysm d.yetia.detB: 
[#73°37.4473] DrEsm$.=.Esmy:Fsmd.=.Fsm8.detB: 
Esmy.=.Esmy.veta: 


[4°22] DrEsmd.5eHP.=.Esmy.yeta: 
[Fact] D:£sms. Feta. de B.=.Esmy. Feta.veta: 
[*102-2'3] Ds Ne(ag)* = Ne (a2)*y (1) 


F. (1). #102501. 3+. Prop 
#10252, b:q!Ne(ag)'S.3.Ne(ag)SeNC*(a) [*102'51] 
410253, +. NC (a)— “A CNC* (a) 
Dem. 
b.#102'52. DF: = Ne(ag)'d.qiw.D-weNC*(a) (dd) 
F.(1). #1025. 5+. Prop 
#10254, + :8eNe(A,)fy.D-Ne(ap)S=Ne(a.)y [*102'51°46] 
#102541, bq! Nc(B.)*y. 3. Ne (aay e NC8 (a) — fA 


Dem. 
b .x102-54501 . DE: 8e Ne(Ba)"y. D» Ne (aa)’y e NC# (a) a) 
F. 1024645. Dh: de Ne(Ba)y- >. yeNe (aa)‘y - 
[*10°24] D.q!Ne(a.)*y (2) 
F.(1).(2). 


k:SeNe(Ba)fy.D. Ne (aa)"y ¢ NCF (a) —Uf'A: DE. Prop 
#10255. fk: Awe NO*(8). >. NCP (a) — 0A = NC#(a) 


Dem. 
F. #1025. 
Fr Hp. Drp=Ne(Ba)y. Duy Dl pe 
[*102°541] Duy» Ne (da)y e NCF (a) — USA: 


[#1023] Ds (qu). = Ne(B,)fy.D,. Ne (aay e NCF (a) ~e' Az 

[¥102'36] Ds (ry). Ne (aa)“y e NC# (a) — fA? 

[¥13:191] Ds y= Ne(a)y.D,,y.v eNC8(a)—efA: 

[*102°5] Dive NC*(a).D,. ve NO8 (a)—ofA qd) 

b. (1). #10253... Prop 

The above proposition shows that, if every class of the same type as £ is 

similar to some class of the same type as a, then, given a class y of the same 
type as a, there is a class 5, of the same type as @, such that the classes similar 
to 3 and of the same type as a are the same as the classes similar to y and of 
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the same type as a; and conversely, given any class 3, of the same type as 8, 
and similar to some class of the same type as a, then there is a class y, of the 
same type as a, such that the classes similar to y and of the same type as a 
are the same as the classes similar to § and of the same type asa. We may 
express this by saying that, if the cardinals which go from the type of a to the 
type of @ are never null, then those that go from the type of 8 to the type of 
a, with the exception of A (if A is one of them), are the same as those that 
begin and end within the type of a. The latter are what we call “homogeneous” 
cardinals. Thus our proposition is a step towards reducing the general study 
of cardinals to that of homogeneous cardinals. 


#1026. +. Ne(a)8=Ne(ag)'B=4(ysm 6. yetfa) =NeBnta 


Dem. 
#851 . (*65'04). > 
Fip=Ne(afB.=.-n=NeB. peta. 


[*63°5] =.p=Nec'B.pCta. 

[65°13] =.p=NeBata. (1) 
[*100-1] =.p=F(ysm B.vet*a). (2) 
[#63°103] =.p=9(ysm B.veta.BetB). 

[102-46] =. p=Ne(a)8 (3) 


b .(1)«(2)«(3)+#20°2.#100°1. DF. Prop 
#10261. +:S5¢t 8.3. Ne(a)S= Ne (a,)5 
Dem. 
bi e473. Db: Hp. 3.9 (ysm 8. ye ta) =4(ysmd.yetta. det R) 
[%102-46] = Ne (ag)‘8 ql) 
b.(1).*102°6. DF. Prop 
#10262. +. NC# (a) = Ne (a) 68 
Dem. 
b.*87°7 .(#100°01). > 
b. Ne (a8 = 2 {(qS). det B. w= Ne(a)‘d} 
[#10261] =f {(q). 8 eB. w= Ne(ag)‘S} 
[*102°37] = D*‘Ne (ag) 
[(#102-°01)] =NC*(a). D+. Prop 


#10263. b:u=No‘y.aeu.>.u=Ne(a)*y 


Dem. 
b.*635. Db: Hp. dD. p=Nety.pCtia. 
[65-13] D.p=Nelyn tia. 
[*102-6] D. w= Ne(a)fy: D+. Prop 


#10264. FrmeNC.qtw.>.(qa,y)-m=Ne(a)y [#102-63 . 100-4] 


The following propositions are part of Cantor's proof that there is no 
greatest cardinal. They are inserted here in order to enable us to prove that 
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A is a cardinal, namely what we call a “descending” cardinal, ie. one whose 
corresponding “sm” goes from a higher to a lower type. 


#10271. b:ReClso1.D‘RCa. A RCCla.3.q!1Cla—-aR 


Dem. 
b .*20°33 . 4°73. 


biHp.o=8(ceD‘R. ane Rin). 2s 


v 
v2eD{R.D,:eeo.=.areR a: 


[*5°18] Dpiwfocw.s.2eR a}: 

[*20°43. Transp.#71-164] Dpto + Rfe:. 

[x71°411.Transp] Ds. ave UR (1) 
F . *20°33 .*3-'26. DF: Hp(1).9.c0CD‘R. 

[Hp] D.aCa (2) 


F. (1). (2). #13191. 
bi Hp.3.8(ceD‘R. ave R‘x) e Cl'a~A‘°R: D+. Prop 
#10272, ':8Ca.3.~(@sm Cl‘a) 


Dem. 
F. #10271. +:.Hp.3:Rel+1.D‘R=f8.0‘RCCl'a. Dp. q!Cla—G‘R: 
[24°55.22-41] D:Rel+1.D‘'R=8.52.0R+Cla: 
[¥10°51] Div(qR). Rel 31. D'R=8.0'R=Cla; 
[k73°1] 2:~(8sm Clfa):. DF. Prop 
*102-73. +.Ne(a)tfa=A 
Dem. 
b.*102'6. DF. Ne (a)¢'a = 4 (y sm ta. vy € fa) 
[*63'65] = 4 (ysm Clt.6a.y C t°a) 
[x102°72] =A.DF. Prop 


This proposition proves that no class of the same type as a is similar to 
ta. Now ta is the greatest class of its type; thus there are classes of the 
type next above that of a which are too great to be similar to any class of the 
type of a. Thus (as will be explicitly proved later) the maximum cardinal in 
one type is less than that in the next higher type. Cantor's proposition that 
there is no maximum cardinal only holds when we are allowed to rise to con- 
tinually higher types: in each type, there is a maximum for that type, namely 
the number of members of the type. 


#10274. F. Ae NCH (a) 


Dem. 
+ .x1026501. Dk. Ne(a)tae NC" (a) (1) 
F. (1). #102°73.34. Prop 
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Note on negative statements concerning types. Statements such as “awe t'y” 
or “g-~ve ta” are always false when they are significant. Hence when an object 
belongs to one type, there is no significant way of expressing what we mean 
when we say that it does not belong to some other type. The reason is that, 
when, for example, ¢“a and ¢,‘a are said to be different, the statement is only 
significant if interpreted as applying to the symbols, i.e. as meaning to deny 
that the two symbols denote the same class. We cannot assert that they 
denote different classes, since “t‘a+t,‘a” is not significant, but we can deny 
that they denote the same class. Owing to this peculiarity, propositions 
dealing. with types acquire their importance largely from the fact that they 
can be interpreted as dealing with the symbols rather than directly with the 
objects denoted by the symbols. Another reason for the importance of typically 
definite propositions is that, when they are implications of which the hypothesis 
can be asserted, they can be used for inference, 1. for the assertion of the 
conclusion. Where typically ambiguous symbols occur in implications, on the 
contrary, the conditions of significance may be different for the hypothesis and 
the conclusion, so that fallacies may arise from the use of such implications 
ininference, E’g. it is fallacy to infer “+ ..q! Ne‘a” from the (true) propositions 
“FraeNoa.>.q1 Nea” and “t.ae No‘a.” (The truth of the first of these 
two requires that “Nc‘a” should receive the same typical determination in 
both its occurrences.) For these two reasons hypotheticals concerning types are 
often useful, in spite of the fact that their hypotheses are always true when 
they are significant. 


103. HOMOGENEOUS CARDINALS 
Summary of #108. 


In this number, we shall consider cardinals generated by a homogeneous 
relation of similarity. A “homogeneous” cardinal is to mean all the classes 
similiar to some class a and of the same type as a. The “homogeneous 
cardinal of a” will be defined as Ne‘an ¢‘a; we shall denote it by “ N,c‘a.” 
Then the class of homogeneous cardinals is the class of all such cardinals as 
“N,cta,” ie, it is D‘N,c; this we shall denote by “N.C.” The symbol “N,c‘a” 
is typically definite as soon as a is assigned; “N,C,” on the contrary, is 
typically ambiguous: it must be a Cls*, but otherwise its type may vary in- 
definitely. Homogeneous cardinals have, however, many properties which do 
not require that the ambiguity of “N,C” should be determined, and few which 
do require this. They are important also as being the simplest kind of cardinals, 
and as being a kind to which other kinds can usually be reduced. 


The chief advantage of homogeneous cardinals is that they are never null 
(#103°13-22). This enables us to avoid by their means the explicit exclusion 
of exceptional cases; thus throughout Section B we shall use homogeneous 
cardinals in defining the arithmetical operations: the arithmetical sum of 
Ne‘a and Ne‘, for example, will be defined by means of N,c‘a and N,c‘@, in 
order to exclude such a determination of the typical ambiguity of Nc‘a and 
Ne‘@ as would make either of them null. I¢ is true that not only homogeneous 
cardinals, but also ascending cardinals (cf. *104), are never null. But homo- 
geneous cardinals are much the simplest kind of cardinals that are never null, 
and are therefore the most convenient. 

The fact that no homogeneous cardinal is null is derived from 
#10312. b.ae Niefa 

Other important propositions in this number are the following: 
*1032,  biweN,C.s.(qa).p=Ne‘an tia. =. (qa). w=Ncfa 
*103-26. Fi.weNC.Dd:aen.=.Nieca=pu 

The above proposition is used constantly. 
*103-:27, bKip=Nica.=.peNC.aeu 

Thus to say that « is the homogeneous cardinal of a is equivalent to saying 
that is a cardinal of which a is a member. 
¥103:301. |. NC*(a)=N,C (a) 
¥*10334, +.NC—1ACN,C 
#1034. +. smN,cfa = Nefa 
*103-41. b.sm**N,cka nif = Ne (8)a 
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#10301. Nicfa=Ne‘antfa Df 
#10302. N,C=D‘N,c Df 
#1031. +. Nc‘a=(Ne‘a), =Ne(a)a=Ne(a.)a [1026 . (#108°01)] 
#10311. F:ReNofa.=.Bsma.Peta.=.BeNea. Petia 
[103-1 . «102°6] 

¥10312. F.aeNicfa  [#108-11 . #73°8 . ¥63°103] 
#10313. F.g tN cfa [#10312 . 10-24] 

This is a legitimate inference from ¥103°12 because, when a is given, N,c‘a 
is typically definite. 


#*103-14. Fi N cfa=N,ci8.=.aeN,ch8.=.BeN ca.=.asmB.aetB 


Dem. 
bk. #10311.) 


Fi. Nocfa=N,c6@. =: ysma.yetfa.=,.ysmB.vyetB: (1) 


[#101] Drasma.acia.=.asmf.aet*B: 
[*73'3.%63°103] DJrasm@.aet’B (2) 
b.*73°32 . 63°17 
FrasmP.aet(P.ysma.veta.d.ysmP.vyet'B (3) 
F.(8) as L#T3°B1 «463-16. D 
Frasmf.actB.ysmB.yetB.d.ysma. ye ta (4) 
b.(3).(4).(1).> 
Fiasm@.aetB.9.Nca=Nec8 (5) 
F.(2).(5). #10811 . #73°31 «63°16, DF. Prop 
#10315. F:q! Nicfan N,cf8.=.Ncca=Nc8 
Dem. 

b. #10313. 3F :N cfa=N cf8.3.q!Nicfan Nicks (1) 

F.x10314. 3b rye Ncla.yeN.ck8. 2. N cla=Niefy. N,c68 = Nycty« 

[#14°131-144] a. N,cia= Nice: 

[¥10°11-23] Dh sm Nyetan Nici. d.Nicfa = NickB (2) 


F.(1).(2). DF. Prop 
#10316. +: N,cia=Ne‘8.=. Nee =Ne‘@ 


In this proposition, the equation “Ne‘a= Ne‘8” must be supposed to hold 
in any type for which it is significant. Otherwise, we might find a type for 
which Nefa=A=N ef, without having N,cfa= Neff. 


Dem. 
F.#108'12.3b: Nicla=Nef8.D-aeNefB. 
[#100'31:321] >. Ne‘a=Ne‘f (Q) 
b 422481. Db:Neaw=Nei@. I.Nefantia=NeBanta. 
[*65°13.(«103-01)] >. Nyefa= Neg (2) 


.(1).(2). Db . Prop 
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#1032. FipeN,C.=.(qa).p=Nefanta.=.(qa).u=Nicta 
[#7141 . 100-22 . (%108-01°02)] 


*103-21. |. Nictae NC. NicfaeNC [#1032 . *100°2°4. #14°28 . x65°13] 


In adducing a proposition, such as ¥100°2, which is concerned with an 
“Ne” entirely undetermined in type, any degree of typical determination may 
be added to our “Ne,” since an asgerted proposition containing an ambiguous 
“Nc” is only legitimate if it is true for every possible determination of the 
ambiguity. 


4103-22, bipeN,C.>d.q!ph [*103°13-2] 
#10323. b.AneN,C [*103-22] 
#10324. +. N,C ¢ Cls ex? excl (*100°43 . *103°23 . *84-13] 
*103-25. bi.pjveN.C.Diqiuav.=.p=v  [#108°24.%84135] 
#10326. Fi. ueNC.d:aen.=.Ncla=p 
Dem. 
b. &100°45 . Dt: Hp. Ddiaep.d.Nea=p () 
b . #6322 . DkiaeweD.wC ta (2) 
b.(1). (2). *22°621. 5+: Hp.diaeu.d.Neanta=p. 
((*103-01)] D.N,cfa=p (8) 
b.*108-12. DEN ecfa=u.Dd.aep (4) 
f .(8). (4). DF. Prop , 
#10327. bip=N,ca.s.weNC.acp 
Dem. 


F.*10826.3b: weNC.p=Ncla.=.peNC.acp (1) 
b. (1). #10821. 5+. Prop 


#10328. bi (qa).ysma.p=Now.s.qle.up=Nety 


I 


Dem. 
F. #10327.) 
b:(qa).ysma.p=N,cla.=.(qa).ysma.peNC.aep. 
[*100°31] =.meNC.qipaNe'y. 
[*100°42°41] =.peNC.qituaNey.p=Nety. 
[*100-41] =eql wep =Nefy: 3+. Prop 


#1033. bs Beta. >. NeciB=Ne(a)'@=Ne (a8 =NefB nite 
Dem. 
b.*6816.3b:Hp.>.#@= ta. 


[*22'481.(#103-01)] D.Nyc@ = Nel a tia (1) 
[¥102°6] =Ne(a)'g (2) 
[102-61] = Ne(a,)‘8 (8) 


F.(1).(2).(3). 3. Prop 
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¥103301. + . NC*(a) =N,C (a) 
Note that although “NC(a)” is not definite, “N,C(a)” is absolutely 
definite as soon as a is assigned. 


Dem. 
F.*1033.35b:Beta.p=NcO.=. Ret a.p=Ne(a)C 
[x102°37] =.=Ne(a.)'B a) 
£ .x63°5 . («103°01). > 
br w=Nici8.Dd:Beta.=. wet a (2) 
F.(1)-(2). DF spe a.p=Neie.=.u=Ne(a)B (8) 


F. (3) .*1011'281°35.5 
bre wet a: (G8). w=Ne8:=.(q8).u=Ne(a) Pp. 
[x102°5] =.peNC*(a) (4) 
F.(4).#108-2. DF: pet an N,C.=.eNC*(a) () 
b. (5). (#65°02). D+. Prop 

#10334. Fig! Ne(ag)S. >. Ne(ag)S e N.C (a) 

Dem. 

F.#102'52.3+: Hp. >. Ne (ag) e NC*(a). 
[*103°301] D.Ne(aq)‘Se N.C (a): D+. Prop 


*103:32. +.NC#(a)—eACN,C (a) 
Dem. 
b. 108-31. Db sp =Ne(ag)d-q!u-d.peN,C (a) qd) 
F.(1).*1025 . D+. Prop 
In the above proposition, the “@” may be omitted, and we may write 
(cf. #10333, below) 


F.NC (a)—-'ACN,C (a). 

For the 8 is wholly arbitrary, so that any possible determination of NC (a) 
makes the above proposition true. We may proceed a step further, and write 
(*103'34, below) 

b.NO-UvACN,C. 

But although we also have N,C C NC —1‘A, provided the “NC” on the right 
is suitably determined, we do not have this always. For example, if “NC” is 
determined as NC (éa), and “N,C” as N,C (ta), then Nyc‘t‘a e NjC— NC. 
¥#103°33. +. NC (a)— fA CN,C (a) 

Dem. 

bs 42 . (465-02). D 


brweNC(a)—t'A.stweNC.pea.qin: 


[#100-4.%68'5] = 2(G8) w=NeBipCta.qla: 
[*65°13] =:(q8).w=NefBntarqips 
[+102'6] =1(q8).w=Ne (a8. ala: 
[¥*103-31] DiweN,C(a):- D+. Prop 
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*103:34. #.NC-—vACN,C 
Dem. 
+. *100°31:321 . *63°5 . D 
bip=Nee.Bep.d.w=NeBatB 
[(#103°01)] =N,cfe. 
[*103:2] D.weN,C a9) 
b. (1). #10074. ¥11°11°35°54. +. Prop 
Thus every cardinal except A is a homogeneous cardinal in the appropriate 
type. Note that although of course every homogeneous cardinal is a cardinal, 
yet “N,C C NC” must not be asserted, because it is possible to determine the 
ambiguity of “NC” in such a way as to make this false. Hence we do not 
get NC—UA=N,C. 
#10335. b:A~eNC*(@). 9. NC# (a)—- vA =N,C (a) [102°55 . ¥103°301] 
The hypothesis of this proposition is satisfied, as will appear later, if the 
type of 8 is in what we may call the direct ascent from that of a, we. if it can 
be reached from a by a finite number of steps each of which takes us from a 
type 7 to either Cl‘r or RI“(r f 7). Thus in such a case the cardinals (other 
than A) which go from ¢@ to ¢a are the same as those which begin and end 
within ¢a. It will also appear that in such a case A always is a member of 
NC8 (a). If two cardinals which are not equal must always be one greater 
and the other less, then A ¢ NC* (a) is the condition for N,c‘t*8 > Ne (R)‘ta. 
In that case, we shall have Ae NC* (a). >. A~e NC*(8). But there is no 
known proof that of two different cardinals one must be the greater, except 
by assuming the multiplicative axiom and proving thence (by Zermelo’s 
theorem) that every class can be well-ordered (cf. *258). 


#1034. +. sm‘*N,cfa = Nefa 


Dem, 
b.«87'1.3 
b:desm“N,cia.=.(qy)-ysma.vyeta.dsmy. 
[*102'84] =.8sma: D+. Prop 
#10341. +. sm‘N,c'ant“B=Ne(S)‘a 
Dem. 
b.#103°-4. 3+. sm“N,clan tB=NeantB 
(*102°6] =Ne(@)'a. D+. Prop 
¥*103'42, +:8sma.=.Ne(S)a=N,cfB 
Dem. 
F.#*100°321.3+:@8sma.3.Nea=Ne‘s. 
[*22-481] >. NefantB=Ne'Bntie. 
[*102°6.(%103°01)] D>. Ne(S)'a=Nie'R Q) 
+. #10312. 3+: Ne()fa=N,c'B.. Be Nc(f)‘a- 
[*100'31) >. Asma (2) 


+.(1).(2). 4+. Prop 
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#103438. bipeNC.d.sm“pntiu=p 


Dem. 
b.#8729. Dkip=A.d-sm“untiw=A (1) 
F.*108'27. 3b: pe NC dep dD p= Neat pata. 
[#103°41] D.smiun typ = Ne (aja 
[#103°3:27] a (2) 


F.(1).(2).9F. Prop 
#10344. Five NC.d:p=smy.=.y=3m"p 


Dem. 
b.#100538. Dhagqtyw.qtv.pveNC.d:y=smy.=.y=sm‘“p (1) 
+. #103272. +: Hp.d.qiv.qiv.u,veNC (2) 


F.(1).(2). DF. Prop 
#1035. + .0e NC 


Dem. 
F.#l0L1112.3F.0eNC.q!0. 


[*103°34] Dr .0eN,C.D+. Prop 
#10351. +.1LeN,C 
Dem. 
b.#101°21:241. 3b. 1leNC.qil. 
[#10334] Dk.LeN,C. 3+. Prop 
0 and 1 are the only cardinals of which the above property can be proved 
universally with our assumptions. If (as is possible so far as our assumptions 
go) the lowest type is a unit class, we shall have in that type (though in no 
other) 2= A, so that in that type 2~e¢N,C. 


104. ASCENDING CARDINALS 


Summary of #104. 


In this number we have to consider cardinals derived from a relation of 
similarity which goes from the type of a to that of ta, or to that of @fa, The 
propositions to be proved can be extended, by a mere repetition of the proofs, 
to ta, ta, etc. This extension must, however, be made afresh in each instance; 
we cannot prove that it can be made generally, because mathematical induc- 
tion cannot be applied to the series 

tyfa, ta, ta, Bia, .... 

Ascending cardinals, though less important than homogeneous cardinals, yet 
have considerable importance in arithmetic, becanse Ne‘a x Ne‘B and (Ne‘a)Ne* 
are defined as the cardinals of classes of higher types than those of a and 8, 
and the same applies to the product of the cardinals of members of a class of 
classes. In these cases, however, we also need cardinals of relational types, 
which will be dealt with in *106. 


We have to deal, in this number, with three different sets of notions, 


namely 
*10401. Nefa=Ne‘antta Df 
*10402. N'IC=D‘N'c Df 


#10403. pO =sm“pn tip Df 
with similar definitions of N*c‘a, etc. Thus N'c‘w consists of all classes similar 
to a but of the next higher type, ze. it is the cardinal number of ain the type next 
above that of N,c‘a; NC is the class of all such cardinals as N'c‘a, and is a 
typically ambiguous symbol, though N’c‘a is typically definite when « is given; 
z (if @ is a cardinal which is not null) is the “same” cardinal in the next 
higher type, so that, eg., if « is 1 determined as consisting of unit classes of 
individuals, p" will be 1 determined as consisting of unit classes of classes of 
individuals. (When y is not an existent cardinal, «4% is unimportant.) 

The following are the most useful propositions in the present number: 
#10412. +: Re Nea.yeNcB.Dd.ve Nea 
#1042, | . uae Nic“a 
#10421, Fog! Nicfa 
#10424. b:p=Niea.d.n=N,c%a= NickB ((qy) yea. B=Uau ty} 
#10425. F.NCCN,C 
#10426. + 
¥104-265. + 


rp=Nefa.d. pw = Nea = Nica 
+29 = sm," 
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#10427, Fi.weNC.d:p=Nicfa. =. =Niefa 

«10435, +. N*°CCNIC. NC CN,C 

#10443, Fs tfa=t B.D. (my, 5). ye Nica. deNc'B.ynd=A 


#10401. Nie‘a=Ne‘antta Df 
This defines the cardinal number of a in the next type above that of N,c‘a; 


thus N¢‘a consists of all classes similar to a and of the next type above that 
of a, 


#104011. N*c‘a=Ne‘antt%a Df 


Similar definitions are to be assumed for N*c‘a, etc. 


#10402, NC =D‘Nic Df 
NC, like N,C, is typically ambiguous; but N'C (a) is typically definite. 
#104021, N°C = D‘N*c Df 


Similar definitions are to be assumed for N°C, ete. 
«104038. pO =sm“pat'p Df 


Here, if « is a cardinal, 4” is the same cardinal in the next higher type. 
For example, if » is couples of individuals, 4” is couples of classes of 
individuals. 


#1040381. p@ =sm\ un fiw Df 
Similar definitions are to be assumed for ®, etc. 


#1041. +: BeN'ea.=.Be New. Bett'a.=.BeNe'a. BCifa 
[63-5 . (#10401)] 


#104101, f: Be Nea. =. Pema. @Ctia [10081 . #1041] 
#104102. F. Nic‘a=No(t'a)‘a= Ne {(ta)a|‘a [#1026 . («104°01)] 


#10411. £:@eN%ea.=.BeNea. Bett a.=.BeNea. BC a 
[*63°5 . (#104'011)] 


#104111. b:BeNeofa.s.Bsma.BCi%a  — [*10031. #10411] 
#104112, +. Nota = Ne (a)a= Ne {(ta)a}‘a [¥102°6 . (x104°011)] 
#10412, +: BeNie‘a.yeNetB.3.ye Nea 


Dem. 
F.*1041.3+:Hp.d. Be Nea. Bett a.yeNeP.vettB. 
[*100°32] D.veNea. Betita.yettB. 
[¥63°16] Dd. ye Neia. UB =tta. yet th. 
[¥13-12] D.yeNe‘a.vettita. 


[¥104°11} >. ye Nea: D+. Prop 
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*104121. F: BeNicfa.ye Nea. dD. ye NB 


Dem. 

F.*104102112, +: Hp. 3. Re Ne {(t'a)a}a.ye Ne {(#%a)a} ‘a. 
[*102-41] Dye Neo {(a)ua}‘B (1) 
F. #1041. Dt:Hp.d. Betta. 
[*63-16] D.¢B=tta. 
[(*65°11)] >. Ne {(P%a) ura} = Ne {(B)s} (2) 
F. (1). (2). #104102. >. Prop 

#104122. ts Be Nie‘a. Dd. N'e6@ = N*e%a [%104°12°121] 

#104123, F: Nyc'@=Nicta. Dd. NiciG = Neefa [4104122 . 103-26] 

#10413. biwe N'C.=. (qa). a= Nea [*100°22 . #71'41 . (*10402)] 


¥10414, Frdeu%.=.(qy). yeu. dsmy.detu.=.(qy) yeu. dam y.dC ty 
[487-1 . #63-22 . (4104'08)] 

4104141. FiweNC.qiv.d.u~%eNC [*10052] 

When the hypothesis “sj!” is omitted, this proposition is still true, but 
with a difference. Hg. let us put 

w= Ne(a)‘t‘a. 
Then w=A.p%=A. Thus p” + Ne (ta) ta. But we still have 
we) = Ne (ta) ‘ta, 

Thus «” e NC, but «™ is not the same cardinal as yin a higher type, 2. there 
are classes whose cardinal in one type is #, but whose cardinal in the next higher 
type is not pw". 
#104142, Fz weNC.q!.d.y%eNC [#10052] 
#10415. FiweN?C.=.(qa).p=Nie'a [4100-22 . #71-41 . (4104-021) 
#1042. + uae Nica 


Dem. 
+.x63'621.Db:2ea.Dzg.t'ret a: 
[¥37°61] Db. ta Cea (1) 
b.(1). #1006. x1041. D+. Prop 


#104201, b: Be Nycfa. Dd. 1B e Nica. Nica = NieB 


Dem. 
+, *100°31:321.>+:Hp.>.Ne‘a=Ne‘e QQ) 
F.x10811. Dt:Hp.d. Betta. 
[63-16] D.ta=tP. 
[*30°37] D. tt tt p (2) 
F.(1). (2). (#10401). DF. Nicta = Nie°8 (3) 


F.(8).#1042. 3+. Prop 
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410427. bi.weNC.d:y=Nicfa.=- pe = Nieka 

#10435. -.N°CCNIC.N°CCN,C 

#10443, Fs tfa=t'B.D.(qy, 8). ye Nea. deNeSB.ynd=A 


#10401. Ne‘a=Nefantta Df 
This defines the cardinal number of a in the next type above that of N,c‘a; 


thus N'c‘a consists of all classes similar to a and of the next type above that 
of a. 


#104011. N’c‘a=Ne‘ané‘t*a Df 


Similar definitions are to be assumed for N*c‘a, etc. 


#10402, N'C = D‘Nic Df 
N'C, like N,C, is typically ambiguous; but N'C (a) is typically definite. 
*104021. N?C = D‘N*e Df 


Similar definitions are to be assumed for N°C, etc. 
#104038. pO =sm“pn te Df 
Here, if 4 is a cardinal, »~” is the same cardinal in the next higher type. 


For example, if ~ is couples of individuals, ~” is couples of classes of 
individuals. 


#104031. po = sm“ n Chu Df 
Similar definitions are to be assumed for 4”, etc. 


#1041. +: BeNea.=.BeNea. Betta.2.Re Nea. BC ta 
[*63°5 . (#104°01)] 


#104101, f: @eNtefa.=.@sma.BC tia [*100°31 . #1041] 
#104102, |. N'c‘a=Ne(ta)a=Ne {(aa}'a [#1026 . (x104°01)] 


#10411. :BeN%efa.=.BeNea. Bett a.=.BeNe@. BCH a 
[63-5 . (#104°011)] 


#104111. b: Be Necfa. =. Bsma. BC ta [*100°31 . #10411] 
#104112. +. Nie‘a = Ne (#'a)'a=Ne {(t%aa}“a  [#102'6 . (#104°011)] 
¥10412. F:Be Nema, ye NcfB. Dd. ye N’efa 


Dem. 
+.#1041.3+:Hp.d.BeNeta. Betta. yeNeB.yett*B. 
[¥100'32} D.yeNeta. Betta. yettp. 
[*63-16] Dive Nota. iB =tta.yett2. 
[*13°12] D.yeNota.vyettta. 


[#10411] D.yeN*cfa: DF. Prop 
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*104121. Fs BeNie‘a. ye N%ea.D, ye NB 
Dem. 
F.#104°102112. Db: Hp. d. Be Ne {(t4a).} a sy e Ne {(t¥a).} a - 
[*102-41] D. ye Ne {(#4a)o} (8 (1) 
b.x1041. DF: Hp.d. fetta. 
[*63°16] D. B= ta. 
[(*65°11)] >. Ne {(ta) ta} = Ne {(#*B)g} (2) 
F. (1). (2). #104102. 54+. Prop 
#104122. F: Be N'c‘a.D. N'e°8 = Nea [*10412121] 
¥104:123. Fs Nyc(@=Niefa. 3. Ne4B= Nea [4104122 . *108-26] 
#10413. FirweNC.5. (qa). p=Ne‘a [*100°22 . #71°41 ..(*104-02)] 
#10414. b:5en%.=.(qy). yeu. dsmy.det'u.=. (ty). yeu. Samy.d City 
[#371 . 63°22 . (*104-08)] 
#104141. FipeNC.q!u.d.n%eNC [*10052] 
When the hypothesis “gq!” is omitted, this proposition is still true, but 
with a difference. E.g. let us put 
p= Ne (a)‘ta. 
Then w= A.p!=A, Thus wp + Ne (éa)ta. But we still have 
BY = Ne (¢a) Pa, : 
Thus x e NO, but ~” is not the same cardinal as « in a higher type, te. there 
are classes whose cardinal in one type is y, but whose cardinal in the next higher 
type is not 4. 
¥104142. Fi weNC.g!w.d.p%eNC [10052] 
#10415. Fiwe NPC. =. (qa). p=Nrefa [#10022 . «71-41 . («104021)] 
#1042. . tae Ne‘a 
Dem. 


i 


+. #63621 .Db:z2ea.D,- wet as 
[x87°61] Dk tata (1) 
b. (1). #1006. #1041. . Prop 


#104201. Fs Be N,cia.d.uBe Nea. Nea Neg 


Dem. 
F.#10031:321. +: Hp.>.Ne‘a= Nee qd) 
F.#10811. Dbt:Hp.d. Beta. 
[63-16] D. taste. 
{*30°37] Dd. ttfa= tp (2) 
b. (1). (2). (#10401). F. Nefa=Nie'8 (3) 


f.(3). #1042. 94. Prop 
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410421. beg! N'efa [104-2] 
It follows from this proposition that ascending cardinals are never null. 


The proof has to be made separately for each kind of ascending cardinal, 
ie. NIC, N°C, ete. 


¥LO4211. bet Ncfan C11 [104-2 . 452°3] 


#10423. FA i(qy).yea- Banu iyte Niea 
Dem. 
F.x5116. Dkiyea.Ddiyean(wulty). 
[*63°16] Dd. ula Uyetfa (e3) 
F.(1).#10°711-23.9+. Bay) yea. Raita vty} C tha (2) 
F, (2). #10061. *104:1.3+. Prop 


#104231. F: Nica = N58. Dd. N cha =N,c'8 
Dem. 
b.#1042.3+:Hp.d.1BeN ca. 
{#104°101] D.uBsma.t“BC ta. 
[&73°41.%63'21°64] 3. 8sma.iB=ta. 
[*103-11.*63:16] D.PeNicia. 
[*103-14] D. Ni cfa=N,cf8: 3+. Prop 


#104232. b: Niea=Nicf8.=.Ncka=N,c'8.=. Be N,cka 
[#104-231-201 . *103°14] 

*10424. Fip=Nea.d.~=Nca= Nye {(ay) yea. B= ly} 
[#104°2°23 . ¥103°26] 

#10425. F.N'CCN,C [*1042413] 


This proposition holds for each possible determination of the typical 
ambiguities, ze. for every a we have 


N°C (Ea) C NLC (éa). 
We do not have N'C (ta) = N.C (ta), 
because Nye‘t'a e NoC (ta) — N°C (fa). 
#104251. F. Awe NC [410425 . *103°23] 


#104252. +. N°C ¢ Cls ex? excl [#10425 . #10824 . #8426] 


#10426. F:y=Nice.d. pw) = N,cfta = Niefa 
Dem. 
fF. #10414, #10311.) 
Fi.Hp.3: Sep". =. (qy). ysma.veta.dsmy. bCtfy. (1) 
[#73°32.%6316]  >.8sma.dCifa. 
[#104101] >. Se Nota (2) 
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b 
fF 
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-*104°101 .D 
rdeN%ea. D.Ssma.5Cta. 


[*73'3.463'103] D.asma.aet'a.dsma.dC ta, 
[#10°24)] D.(qy)-ysma.vyeta.dsmy.d Cty 


F 

F 

#104261. + 
Dem. 


-(8)-G). DF: Hp. d:8e Nea. 3.8en% 
« (2) « (4). #10424... Prop 


rp = New. Dw CN,oma 


F.#10414101.3 


F:.Hp. 3: 
[*10°23] 3: 


[a4e7] 


[x73°32.%x63" 


[#10811] 


(ay)« yeu. Ssmy.6C ty. s5.d5sma.8C ta: 
yeu.dsmy.8Cty.3,5.d5sma.8 Cita. 


D,3-dsma.dsmy-dC ta. dC ty. 


13] Dyo-ysma.yeta. 
Dy,3-yeN ofa 


F. (1). #10°23:35 . #104101 .3 


Fi.Hp. 3: 
[#10421] >: 
rmeNC. pM =Ne%@. 3. n= Nicfa 


#104262, + 


Dem. 
F 


yew. Wi Ney. d,.yeN,cfa: 
yep. ry-ye N,cfaz. JF. Prop 


410421. Hp.d.qiu. 


[*37-29. Transp] D.qle 


Fk 
+ 


#10826. 3h: Hp.vew. Dd. p=Nyoiy 
-(1).(2). 3+: Hp.3.(qy)-e=Nicfy- 


[*104°26.Hp] >. (qy) + w= Nocty. Nefa= Ney. 
[#104231] D>. (qy)-#=Niety. N,cfa=N,c'y « 
[#13172] 2.4=N,cfa: D+. Prop 


*104263. F 
Dem. 


*104'264. 


Dem. 
F 


fb 

Fk 
#4104265. + 
#10427. + 
#10428. | 


. 
FE 
be 
F 


= ce 
ye) = sm, fe 


raed. ae py 


#7341 243871. Db: Hp. d.“aesm un 
«63°64. Dt:Hp.d.e“actp 
(1). (2). (410408). 3 F. Prop 


rqiv.s.qiyw 
» #104263 . Deiqlpea-gip® 


. «37-29 . Transp « (x104:03). Db ig iw" .d.qty 
-(1). (2). 3. Prop 
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(3) 


(4) 


(1) 


@ 
(2) 


@) 


(2) 


(1) 
(2) 


[4102-85 . (#104-08)] 
nweNC.dip=Nefa.s.u0= Nola [10426262] 
sweNC—tA.D.p% eNO [£10426 . #108°34] 
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410429. FiveN'C.=.(qu).peN,C vey 

Dem. 
+. #10426. Dhiv=Neaq.vapl.d.v=Nie'a: 
[*10°11-28] Dh: (qa). p=Niefa.p=y.D.(qa).v=Nica: 
[¥108°2.%10413]D bi weN,C.v=p!.D.veNC (1) 
F. #10426 . #1032.) 
ry=Niefq.p=N ca. d.v=y%.peN,C (2) 
(2) 1011-28-35 .D 
nv= Nea: (qu). w=Nocfa:>.(qu).weN,C.v=po (8) 
« (3) #1002. #14204. 
rv=Nefa.Dd.(qu)-weN.C.v=po (4) 
= (4). #10°11°23 . *104-13. 3 
rveN'C.D.(qu)-weNC.v= po (5) 
. (1). (5). DF. Prop 


#1043. 0 ui“ ae Nea 


pens nies cde iis seks GD A 


b. #1042. Db. fae Nema. ct ae Nea, 
{*104°12] DE. tae Nc'a 


#10431. b. gq! N%c‘a [#1043] 
#104311. 1. Nea = Nyeteea= Nictu'y [410432 . 103-26] 
#10432. bip=Nicfa.D. 9 =N,cheheMa= Nicita = Nefa = {uw} 


Dem. 
b 410426. Db: Hp. d. {ui} = Nolte Q) 
[4104311] = Nota (2) 
F.#108°11 . (#104031). 
Fi Hp.Dd:den%.=.(qy).ysma.veta.dsmy. det %y. 
[#102'84,463-16] =.dsma.def ta. 
[x10411] =. 8eN'e'a (3) 


F.(1).(2). (8). #10424. D+. Prop 
*10433. bi.ueNC.d:n=Ne@.5. 9 = Nea 


Dem. 
F.#10427.Dh:. Hp. d:v=Ncfa.=. yu = Neva. 
[#10424] =. pO =N, ca. 
[*104°27-141 ¥103-13] =. {p}o = Nea. 
[1043224] =.p% =Nrefa:. Db. Prop 
*10434. FiaeNC.= (qr). veNC.c=09.=. (qu). peNC.c=p? 
Dem, 
b.*10432.3 


Fras Nefa.w=Neo.d.c=p.peNC (1) 


SECTION A] ASCENDING CARDINALS Au 


F.(1).#100°2 . #10°11°'28:35 . > 


F: (qa). = Nea. D.(qu).peN,C. =n Q) 
F. #10432. Dhip=Noea.o=n.d.0= Nea. 
[¥104°15.*103'2] Dk: weN,C.c=p%.3. a6 NC @) 


F.(2).(8). DhiweN°C.=.(qu)-weNC.o=p%. (4) 


[#10432] =.(qu)-weNC.o= {pro 
[¥13°195] =. (qu,v).peN,C.v=p. ave, 
[#10429] =e<(qv) veNC.c=y (8) 


+ .(4).(5). D+. Prop 

*10435. +.N*°CCN'O.NCCN,C [x104311:13-15] 

#10436. biyeN’cfa.qve NickB. 3. Be Nieka. Nica = N08 
Dem. 

Fe 8104711. 3F: Hp. D.qve Nea. yet Pa.qyeNesp.vetth. 


[*100°34.+63°16] D.Nea= Nef . tt a=tts. 
[6335-15] D.Nefa= NefB. a=tB. 
[(x104-01.4103-01)] >. Nefa=N,cfB (1) 
F.(1).#10312.+. Prop 
#10437. +: N%‘o=Nice'8.=.Nica=N,c'8 
Dem. 


b. #10421. Db: N%cfa= Nie6B8. Dd. ! Neefan NickB. 
[¥104-36] >. Nefa=Nyc8 Q 
b.(1). #104128. +. Prop 


. The following propositions are concerned with the proof that, given any 
two cardinals » and v, of the same type, we can find two mutually exclusive 
classes one of which has » terms while the other has vy terms. The proof 
requires that we should raise the types of both » and v one degree above 
that in.which they were originally given, i.e. that we should turn up and v 
into wz” and »®, Thus, for example, suppose the total number of individuals 
in the universe were finite (a supposition which is consistent with our primi- 
tive propositions), and suppose » were this number. Then unless y=0, a 
class of v individuals will be an existent sub-class of the only class which 
consists of » individuals, and therefore we shal] have 


ace. Bev. Dag. Glanp. 
But if we consider classes of 4. classes and v classes, we shall always be able 
to find a y and a § such that 
yen. dev! yndHA. 


The existence of such a y and & is important in connection with the 
arithmetical operations, and is therefore proved here. 
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41044. biwea.ety.atz.yt2:(w).w=M(astwveiu):d. 
aS (a— 6a) v Uy kz e N'efan C2 


Dem. 

+ #10061. D+:Hp.D.a,6(a— 6x) sm (a — Lx) (1) 
+ .#73-43. Dr: Hp. dD. eyéesm ue (2) 
+. #51232. Transp. +:Hp.>.areyz (8) 
b #51232. Dr Hp.vea“(a—la). Dicey (4) 
k .(8).(4). Dt: Hp.d.yferea(a—Ua). 

[51-212] Dd. aaa) avtye= A (5) 
F.x51'21-211. Db. (a-va)a esd (6) 
b .(1). (2) «(5)» (6). #73°71 . #51221. D 

+: Hp.>.a(a—e'e) vity‘zsma (7) 


+ . #6310116 . #5123216 .> 
F:Hp. D.twe=tty.cea.yeysz.y 62x (a— Ux) vi'y<. 
[*53°53-2] D. tae = ta. Py = ty{a,“(a— a) v fy, {2}. Pe = SY 
[413-17] D. tam tof {a,(a ofa) vy fz} 
[63-105] D3. a.(a— 8x) vu Uy.&e C tha (8) 
+ .45426. Db: Hp.d. a, (a—ie) vty se C2 (9) 
F .(7).(8). (9). #104101. +. Prop 
#10441. bi.fa=t'B:(qu,y,2).cea.aty.otz.y+e2:D. 
(ay, $)- ye Ncfa. de NckBiyndHA 


Dem. 
Bk104°42 .*52°3 .D 
+:Hp. Hp #1044. . (qa,y,2).a(a— fa) vu iy ‘ze Near Cl2. 
USBeN'eSBaCl 1. 

[#1322] >. (GG, Y, 2,7, 8) oy = a (a— be) Vy fe S=UEB. 
veNicfanCl'2.deNeAn Ci. 

[¥1155] D. (ay, 8) «ye Nica n ClP2. Se N'c6B a C41 (1) 

F. (1). #10135. . Prop 


This proposition proves the desired conclusions provided q!a, and ta 
consists of at least three terms. The following propositions deal with the 
eases in which this hypothesis is not verified. 

#104411. brta=t'B.ae0.yHA,.d=t B.D .yeNoia.de NB .ynd=A 

Dem. 


b.a73-47 . DF: Hp.3d.ysma () 
#2243 . (#6501) . Dh: Hp.d.yC tia (2) 
b.(1). (2). #104101. Dk: Hp.d.qve Nema (3) 


F.(8). #1042 . #2423 .5+ . Prop 
#104412. bi ta=t'B.a=Ua.yalA,. d=U8.>. 
ye Nefa.deNB.ynS=A 
Dem, 


b.#73'43. D+:Hp.d.ysma qd) 
F. #6361108. Db: Hp.d.aeta (2) 
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F. #2243. (#6501). Dt: Hp. fey. Dp. ECta, 


[*63°5] De. Feta. 

[(2).#63°13] De. Fe tia (3) 
F.(1). (3). #104101. 3+: Hp. 3. ye Niefa (4) 
F.*101-23, Dk:Hp.d.ynbHA (5) 


+. (4). (5). #1042, DF. Prop 


#104413, bi ta=tB.asueury.cty.yaUA vl(ia uly). 8=1"B.D, 
ye Nea. deN'eB.yndsA 


Dem. 

b. #5426. DE:Hp.d.ckeustye2. Q) 
[*101°35] D.Atwuty. 

[%54°26] D.fAvU(ulsury)e2. 
[*101°3] DUA vile iy)e Nef(ehe uv uty) (2) 
b.x5116. Dr:Hp.d.aey- 
[*63°5] D.y Cia (8) 
F. (2). (8). #1041. D+: Hp.d.qve Nova (4) 
f. #52213. Dk. Avett B (3) 
ba(1). #523. #5425. DF: Hp. dD. eau iyne 6B (6) 
+. (5). (6). DtsHp.d.ynd=A (7) 


+. (4). (7). #1042... Prop 
#10442. fi: tfa=B.aceQulvu2.d.(qy,d) ye Nefa.deNcB.ynd=A 
[%104°411°412°413 . #5271. #54101] 
#10443, Fitfa=t'8.9.(q7, 8). ye Nica. deNeB.yni=A 
Dem. 


b. #5456. 
bi: Hp.ave0U1vy2.). (qa, y,2).@,y, cea. FY CEL Y PZ 
[#104°41} D.(qy, 8). ye Nea.SeNeiB.ynd=A (1) 


F.(1) «#10442. +. Prop 


The above proposition gives the desired result. The following propositions 
re-state this result in other forms. 


#10444. bip,ve NC. twat. >. (qy,d).yep- Seveyndaa 


[*104-13-43] 

#10445. bipveNC .tu=ty.>.(qy,d).qyem? dev ayn d=A 
[¥104°29:44} 

#10446. FipjveNC—U'A .ty=at'y.D.(qy,5)-yew Ser .ynd=A 
[*104-28-44] 
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#105. DESCENDING CARDINALS 
Summary of *105. 


In this number, we consider cardinals generated by a relation of similarity 
which goes from a higher to a lower type, «.e. given any class of classes x, we 
consider Ne‘* in the type of members of « (which we shall call N,c‘«) or in 
some lower type. Thus eg. we shall have 

k=t“a.Dd.ae Nick, 
where *Nic‘x” means “classes similar to « but of the next lower type.” 
Similarly 


Kala. Dd. ae Nice, 
and so on. We shall have generally 
BeNycka.= ae N08, 
BeNyecfa.=ae NB, 
and soon. The chief difference between ascending and descending cardinals 
is that A is one of the latter, but not one of the former. Otherwise the 
propositions of the present number are mostly analogous to corresponding 
propositions of #104, 
On the analogy of the definitions in «104, we put 
N,C=D‘N,c Df, 
Hy =sm“unttn Df, 
with similar definitions for N.C and pa. 


No proposition of the present number is ever referred to in the sequel, and 
the reader who is not interested in the subject may therefore omit it without 
detriment to what follows. The principal propositions proved are the following: 


#10525. +.N,C=N,C—ufA 
#105-251. F.N,C={N,C —14A 
#10526. 1. Nict‘a=A 


Thus N,C or N,C, in any given type, only differs from N,C in that type 
by the addition of A. 


#1053. big =Nyefa.d. py = Nema 

¥#105°322. Fs. qq! Nica. D: Nica = Nic'B. =. Nycfa=N,c'8 
¥10534 Fi. weNC.gt wy. Di ua = Nica. =. =Niefa 
#10535. bieweNC.veN,C.d:4=79. 5. nay =v 
¥10538. Fe {uw}oy =pe 
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*105°01. N,c‘a=Ne‘anit“a Df 


We might write 
Nyea=Nefantia Df, 


which would be equivalent to the above. But we choose the above form for 
the sake of uniformity. If s is any suffix, we put, provided t,‘a has been de fined 


N,cfa=Nefantt,fa Df, 
and if ¢ is any index for which fa has been defined, we put 
Nicfa=Ne‘an t‘t*a Df. 
Thus for the sake of uniformity it is better, in the above definition *105-01 
to write “é‘t,‘a” rather than “¢,‘a.” 
*105°011. N,c‘a=Ne‘an t%,‘a Df 
*10502. N,C=D‘N,c Df 
*105:021. N.C =D‘N,c Df 
*105°03. wy =sm“nn bhp Df 
#1050381. po =sm“p n te Df 
#1051. oF. Nicfa=Nefant a [63383 .(410501)] 
#105101. F. Nic'a=Ne‘ant,‘a [63-41 . (*105°011)] 
*10511. 1: BeN,c'a.=.BeNea.feta.=.Ssma. fet a.=.8sma.8Ct a 
[#105-1 . #100°31 . *63°51] 
#105111. t : Be Nic'a.=.ReNeo‘a. Beta.=.8sma.fet,“a.=.Asma.8Ct,“a 
[¥105°101 . ¥100'31 . *63°52] 
¥10B12. +: BeNicia.=.BeNea.aCig.=.Psma.aChB.=.aeN 8 
[RLOS‘L1 .x63°51 . 104-1] 
#105121. +: BeNicia.=.ReNefa.aCeB.=.Asma.aChlB.=.aeNeB 
= [¥105°111 . #63-52 #10411] 
*10513. |. Nicfa=Ne (t‘a)'a= Ne {(hfa)a}fa [*102°6 . (x105-01)} 
#105181. +. Nicfa = Ne (t:'a)‘a = Ne {(to'a),}a [#102°6 . (*105°011)] 
¥10514. Fract{8.>.Nic48 =Ne(a)‘B = Ne (ae)8 


Dem. 
b.#63-:22.3+:Hp.3.ta=2,'8- 


[105-1] >. Noi B= NetB a tha (1) 
F. (1). #1026. 34. Prop 
#105141. | :aet§@.2.Nye'@=Ne(a)‘B=Ne (ag) [Proof as in #10514] 


#105142. +: BC ta. Dd. Nie S=Ne(aB=Ne(ae’B [*105-14. *63°51] 
#105143. 8 Ca. Dd. Nic'B=Ne (a A=Ne(ap)B [105-141 . x6352] 
#10515. FrweN,C.=.(qa).u=Nycta [%100-22. #7141 . (*105-02)] 
#105151. b:weN.C.=.(qa)-p=Niefa : 


I 


4-2 


52 
#10516. 


#105161. 
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Frdeug-=-(qy)-yeu-demy det p. 
s(qy).yeu-dsmy.det*y. 

(Gy) «yew. SsmyeyCeS [¥B87-1 . #635154] 
(ay) yeu. Ssmy.detips 
(ay) -yew-dsmy. det y. 
- (By) «ye ee 88m yy CHE [4BTL . #635255] 


We Ul 


brSepue- 


Won all 


In what follows, propositions concerning N,c or N,C have proofs exactly 
analogous to those of the corresponding propositions concerning N,¢ or N,C. 


*105°2. 
Dem. 


#105201. 
¥#105-21. 
*105-211. 
#105-22. 
#105221. 
#105°23. 
*105-231. 
#10524. 
#105241. 
#*105°25. 
#*105-251. 
¥*105°252. 
Dem. 


#105°26. 
Dem. 


¥*105-261. 
#105-27. 
#105271. 
#10528. 
#105281. 
#*105-29. 


bF.N,cfa = N,o't'a 
oO 1 


F. #10512. #1042 .Db ae Nica. 
[*103°26] DE.Nycfa= Ny cha 
+. N,cfa = Nicht esq 
b.N,CCN,C [*103-2:15] 
F.N,CCN.C 

FsyeN,cS. 2. NicS=Nicfy [*103-26] 
Frye N,ofS. 9. Nic = Nyofy 
FigtNweS.>.NicSeNC [105-22] 
kiq!N,c'd.5.N,c5SeN,C 

Fk. N,C~uA CNC [*105-23] 
t.NC-uUACN,C 

b.N,C=N,C—0A [x105-21-24 . #10823] 
F.N,C=N,C—'A 

F. NiefB = N, cB 


F.x105111. >i ae Nice 2. 


sm UB .act VB. 
[#73°41.%63°64'54] 


a 
-asmf.aet<B. 
a 


it i all 


[*105°11] eN,cf8: DF. Prop 
F.Nictfa=A 

F. 4105-142. 3+. Nie‘tfa = Ne (a)‘t*a Q) 
F.(1).*102'73. 5+. Prop 

FN tea A [*105-26-252] 

F.AeN,C [*105-26] 

b.AeN,C 

F.N,C=N,Cu kA [#105-25°27] 


F.NC=N.C=N,C UA 
F.NCCN,C.NCCN,C [105-281 . #10334] 
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#1053. Fin =Nicfa.d. uy =Nicka 


Dem. 

b, #108°4. (#105°038). Dt: y= Neca. D+ wy = Nefanttp (1) 
ft. 10312. Dtrp=Noefa.d.aep. 
[%63°105] Daweh u. 
[*63°54] D -hfa=tsn (2) 
F.(1).(2). Dei p=Nicka.D. wy =Nefan tifa. 
[#1051] >. pay = Nica: Db. Prop 

#105301. b: w= Nycfa. Dd. py = Nicfa 


( 
#10531. bipe NC. >. pq e NC [#105315 . *1032] 
#105311. b:peN,C. 3.4 e NC 
#105°312. birye Nic'a. D.aeNiety. Nefy=Nicfa [105-12 . *103°26] 
F 
t 
b 
b 


#105313. biye Nyeta. Dd. ae N%ety, Noty = Necka 


#105314. f: Nycfa=Nicty. Dd. Nycfa = Nic’y [*105°312 . #10312} 
#105315. +: Nicta=N,cly. D. Nicka= N’e'y 
#105316. big! Nica. Nicfa= Nicf8. 9. N,cla=N,c'8 

Dem. 
+. #105312. bs ye Nica. Nycfa= NickB. D. Niety= Nica. Nie'y=Nc'8. 
[#13171] >. Nefa=Nyc8 Q) 


F. (1). 41011-2335... Prop 
#105317, Fig! Nicta. Nicla=N,c'8. 2. Nycla=Nycs8 
#10532. +: Ni cla=Nek6.>.Nicla=Nic8 


Dem. 
+ .#103-41.>+: Hp. >. Ne (4fa)‘a= Ne (t'a)'8 qd) 
+.#103°14.53+:Hp.d. feta. 
[*6316-36] D.ta=t'B (2) 
F.(1).(2).>+: Hp.d. Ne (4‘a)'a=Ne (48) - 
[#10513] D.Nycfa=N,cf8: D+. Prop 


#105321. |: N.cfa=N,ch8.D. Nicka = Nic'8 

#105322. bs. qt Nica. D:Nicfa=NickB.=.Neca=NeB [*105-31632] 
#105323. bi. qt Nicfa. 3: Nica@=Nic8. =. Nca=Nct8 

#105324. bi ql vq.D.qiyw [#3729 .(*105-03)] 

#105325. biging.I.qipn 
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#105326. 
Dem. 


#105327. 


#10533. 
Dem, 


#105331. 
#10534. 
*105'341. 


#105'342, 
Dem. 


#105'343. 


#*105'344, 
Dem. 


#*105-345. 
#105°35. 
Dem. 


CARDINAL, ARITHMETIC 
biweNC. py =Niety.D.p=Niety 
f. 103-26. Dt: Hp-aeu.d.p=N,ca. 
[x105°3] >. py = Nica. 
(Hp] 2. Nicfa=Nicky. 
[%105°314]} 2. Nycfa=Niefy. 
{(1)] 2. p=Niely 


F, (2)- #1011-23-35. Db: Hp. gq! ~.d.p=Niety 
+. (3). #105324. 103-13. D+. Prop 
brweNC. pe =Noety. 3. p= Ney 

biweNC.q! ug. pa =Nica.d.n=Nc 

£. #10326. Db rye wy » a) = Nica. dD. Nicfa=Nycfy. 


[¥105°314] D.Nyeta= Nie“y 
F.(1).#105°326 . > 


b rye pay - oa = Nica. we NC.D.u=Nicka 


b. (2) .*10°11-23°35 . DF. Prop 


{PART IT 


() 


(2) 
(3) 


(1) 
(2) 


(1) 
2) 


bipeNC.q lye - po = Nica. dD. p=Nca 
Fi peNC.q! pa. Diva =Nica.=.n=Ncla [#105333] 
FrweNC. ql wg» It py =Nca.=.p=N oma 
bape NC... pmeN,C 

F. 10334. Dk: Hp.qty.d.peNC. 
(*105'31] >. py ENC 

+ .#105'324. 3: Hp.wgip.d.wq! pq - 
[*105'27] D+ pw e NC 
F.(1).(2). Dt. Prop 

PipeNC.>. ye N.C 
Fip=Niefy.3. wa =Neky 
b.4¥10424.5b:Hp.d.p=Ncity. 

[¥#105°3] D- ay = Nychety. 
[105-2] > - nq) = Noefy: Db. Prop 


bi w=Ntefy. Dd. wy) = Nocty 
PrpeNC.veN,C. dt p=. .pq = 


b .#105'326 . #10426. D 


biweNC.y=Nocty. py =v. Dd. m= Nefy. yp = Nicly. 


[#13-172] D.p= v9 
+. #10426. Fact. > 
Fr peNO w=Nefy. pv. 3. p=Nety.y=Niety. 


(1) 
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#105351. 
#105352. 
#105:353, 
#105°354. 
#105:355. 
#105356. 
#105°357. 


*105'36. 
Dem. 


#105361. 
Dem, 


#105°362. 

¥*105°37. 

#105371. 
Dem. 


[#105-344] D+ Hay = Nocty v= Nyeoty, 
[#13172] 2. poy =v (2) 
.(1).(2). Dts weNC.v=Nefy. It w=v9.S.uy =v (8) 
F. (3). 1032.34. Prop 

bi peNC.veN C.d:p=y9. 5. py =v 
brpveNC.qty.dip=v.s. py =P [¥105°35 . #103'34) 
biaveNC.qiv.dipsv!. 2. py =v 

brveNC.q!y.3. {v} =v [*105'352] 
FiveNC.qiv.d. {vy} =v 

brweNC ig! py. De {ua }%=p [*105°352] 
PrweNC. qt pp. D. {uo}? =p 
brBeNicla.ye NickB. d. ye Nia 


F.xl0511. 3: Hp.d.Ssma.fethia.ysmB yet s- 
[#73°32.%63'38] D.ysma.vyet a. 

[*105-111] D- ye Nea: Db. Prop 
b:BeN,cla.yeNcfa.d.ye NickB 


b.*10511111.>+:Hp.d.Psma. fet a.ysma.vyety a. 


[#73°31:32] D.ysmB. fet a.yet a (1) 
b.x6S54. Dkr Beta.d.4{B=t6a (2) 
F.(1).(2).  Dk:Hp.d.ysmB.yet(B. 

[*105°11] D.ve NickB: Dt. Prop 
b:BeNica.d.NiciB=Nicka [+105'36'361] 


Li NicfB = Niefa.d.NeiB=Neta [#105362 .#10312] 
Piaqt de>. Tl eo 


+. *63°381 . (*63°05).> 
brysma.acpeyet(w.rd.ysma.depeliy=hip- 


[*73°41.%63°64] D. cy sma ae pa tty = hie 
[¥63'57] D.tysma.ae pty =t pe 
[*63°103] D.chysmaaepel yet. 

[*105'16] 2. Uy e pay 

[#1024] >.q!ew qa) 
t.(1).#1011-23, 

br (qa).ysma.aep.yet ‘wed. |! Ma (2) 
b.(2). #105161. Db yepg sD. Glew (3) 


F. (3). #101123. +. Prop 
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#105372, Figg =A.D. pq =A [*105°371. Transp] 
#10538. |. {ua} =H 


Dem. 
b. 10516. SF rye fuaty =. (G8) Sena ysm Buvet Bs. 
[*105°16] =.(qa,B).aew-Rsma.Peta.ysmB.yet{B. (1) 
[¥73°32.%63°38]  D.(qa).aeu.ysma.vet a (2) 


b .473°41 . #63°64°53'57 3 
biaepeysma.yeha.d.aeu.lysm ae ysm Uy. ye tly «Uy ty ae 
(Q)] D7 6 {eu }or (3) 
b.(2).(8). Db rye {ua}a -=-(qa)-aen.ysma.yet a. 


[#105161] © Hy t Db. Prop 
#1054 bryeNicla.D. eye Nicka 

Dem. 
b. #105111 . #7341 . *63°64. 5+: Hp. 3d. eysma. yet any ctiey. 
[#63°41°383'16°55] 2. c@ysma.ta=tity. 
[*63°54} D.ysma. ly etfa. 
[#105°11] D.tye Nica: Db. Prop 


#10541. biqitNicta.>.q!iNicta  [#105-4] 
#10542. b:Nicla=A.D.Nicfa=A [*105-41] 
#10543, b: wa = Nica. - way = Nica 


Dem. 
b. #10511. DErHp. Be py. D.BeNciani,a. 
[*63°54.%100°31'321] D.Ne'B =Ne'a.t{B=t a. 
[*105-1101] D.NeiB=Nieva Q) 
b.#105°3 .#108-26. 5b: Hp. Be py -D- Nic B= [wala 
[*105°38] = fe) (2) 
b.(1).(2). Db: Hp.gqt pa ++ we =Nicfa (8) 
+. #105°372°42. Dt: Hp. pay =A-I.pw=A.Nea=A (4) 
t.(3).(4). D+. Prop 
#10544. |. Nicta=A 

Dem. 


b.*105-26. Db. NicttaaA. 
[*105-42] Dt. Nictta=A.D+. Prop 


«106. CARDINALS OF RELATIONAL TYPES 


Summary of ¥106. 


In this number we have to consider the cardinals whose members are 
classes of relations which have a given relation of type to some given class. 
For example, we have | «fasma, and | #“‘a has a given relation of type to 
a when @ is given. Thus we want a notation for 

Nefant® | aa 
and all the associated ideas. In this number, we shall deal only with relations 
in which the referent and relatum have a relation, as to type, which can be 
expressed by the notations of #63, 7.e. roughly speaking, when, for suitable 
values of a, m, 7, our relations are contained in 


tat ta or tmia Tt tafa or ta T tata or tnXa T ea. 
Thus if ¢,,‘a has been defined, we shall put 
Nucla=Nean tt,<a Df 
N,,C=DN,,c Df, 
Eun = sm“E a tty, tE Df, 
with analogous definitions for ¢#”‘a, t¥,“a and “t,‘a. 

Much the most important case is that of ta. For this case we have 
#1061. br BeNgcia.=.ReNefa.Pettya.=.Psma. Pett (iat ha). 
=.Bsma.BCt(afa) 

Thus N,c‘a will be the number of a class of relations whose fields are of 


the same type as a, provided this class of relations is similar toa. Hg. the 
number of terms such as # | x, where wea, will be Nyc*a. 


We have 
#10621. Fe! Nocfa. Nyciae N.C 
4106-22. t:reNiJcla.=.Cnvre!N cla 
#10623. +: Be Ncka.d.N%a=N, cB 
#10632. brtfa=tB.>.(qy,8)-yeNucia.deNuciB«ynd=A 
#106-441-411. bi we Nycfa Dd. peo = Neca «w= Nea . fan = Nuefa 


#10653, +. Ne(a)‘tofa =A 
whence it follows that 


#10654. . Nietnfarve NaC 
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The propositions of 


CARDINAL ARITHMETIC [paRt pani 
1 


this number, except #106-21, are never referred to 


again (except in *154-25-251:262, which are themselves never used again), but 
they havea somewhat greater importance than the propositions of *105, owing 
to the fact that the arithmetical operations are defined by means of classes of 
relations, #.¢. the sum of two cardinals (for instance) is defined as the cardinal 
number of a certain class of relations (cf. *110). 


#10601. Noacia = Nea 
#106011. N™cla=Ne‘a 
#106012. N, cia = Ne‘a 
#10602. N,cia=Ne‘a 
#106021. 'N,cfa = Ne‘a 


at tyfa Df 
ata Df 
att,fa Df ete. 
atta Df ete 
atta Df ete. 


#10603. N,,C =D‘Nac Df etc. 
#10604. po) =sm““en Etotifu Df 
#106041. np =sm“patttu Df ete. 


#1061. +:BeN, cla. 


[#1001 . (x10 


#106-101. f: Se Ncfa. 


~BeNefa. Bet tna. 
»Bsma. Bett (ta Tha). 
-Bsma.8Ct(a ta) 

“O01 . 64°01). #6411] 
»BeNea. Betta. 
Asma. Bett (taf ta). 
»Asma. 8 Ct (taf a) 


Qi i ttl 


HW UL 


Similar propositions hold for any other double index mm for which ¢™*a 


has been defined. 
#10611. b:BeNacka. 


Similar propositions 
has been defined. 
#10612. +:BeNicta. 


#106121. F :Be'Nicka. 


Similar propositions 
"ta has been defined, 


~BeNea. Betty fa. 

-Bsma. Pett (taf ta). 

»Bsma.8Ct(E,“a ft 4a) 

hold for any other double suffix mn for which tya‘a 


=.BeNea. Betta. 
Asma. Bet t(ta fT ta). 
»Bsma.B Ct (Ea T ta) 
»BeNefa. Bett “a. 
«Asma. Pett (tat ta). 
=.Bsma. 8 Ct (ta f ta) 


hold for any other index and suffix for which ¢,,”a or 


nih tl 


#10613, bi peN,C.=.(qa).~=Necfa [#10022 .#71°41] 


Similar propositions 


hold for N™C‘a etc. 
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#10614. Fr Ge py. =. (qa). cen. Asma. Pett (het tin), 
(Ga). acw. Bsma. Betty a. 
«(qa)-aeu. Asma. BCH(ata) [#6433-11] 
+ (qa). acu. Psma. Pett (tu fT tu). 
-(qa).acw.Bsma. Betta. 
-(qa).aen.Bsma. BC t(a fF ta) 
Similar propositions hold for 44), u", jn etc. 
#1062. Fiweta.d. | caeNucta.| cae Nyc! | ata 
Dem. 
b. #5515. 3b: Rel ofa.d.DRCa.GR=e: 
[#63105] Dkiwetfa.d: Rel wa. dp. DRCH a. TR Chia. 


Won a 


#106141, b: eps. 


Wow tl 


[*35°83] De RE tat i‘a. 
[#641613] De: Ret(ata): 
[#22°1] D:fLaeaCt(ata) ql) 
+. (1). #73611 #1061 «#10312... Prop 
#106:201. +: Betfa.D. | BaeNiJcfa 
#106202. F: Pet a.d. 4 B“ae Nive 
#106208. +. | a“‘ae Nica [*106°201] 
#106-204. b. | (ia) ae Nota [*106-202] 
#10621. beg! Nyota. Neefae NC [¥106-2 . #63-18] 
HOG2LL. F. Awe NC. NC CNC. NyCeClsextexcl [#10621 . #103-24] 
#106212. . Awe NIC. NSFC CN,C.NiC ¢ Clsex?excl [%106'208] 
#106213. f. Ame NGO. NC CN,C.N,?C ¢ Cls ex? excl [x106'204] 
#10622, F:reNi'cfa. =. Cnv'rAeN,cfa 
* Dem. 
b.a73-4. Dh:rAsma.=.Cnv“Asma Q) 
b.x6416. Db AC H(hfa Pia) =r Rer.Dg- REtiaf tar 
[#35°84] =:Rer.d,-RCtat tifa: 
[*37°63] =:SeCav'r. 25.SG taf tia: 
[*64-16] =: Cova tia f toa) (2) 


F.(1).(2).*106-12.5+. Prop 


The proof requires, in addition to *106-12, its analogue for *N,e‘a. Such 
analogues will be assumed as required. 


#106221. bt: re NJcfa. =. Cnvr 6 Nica 
#106:222. b. Awe IN,C.IN,CCN,C.IN,CeClsextexcl [10622212] 
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#106223. |. A~e2N,C.2N,C CN,C.2N,C € Cls ex? excl 


Other propositions of the same kind as the above may be proved by 
observing that, if m and n are indices for which ¢”‘a and ta have been 
defined, we have 

y Cia. BeNmcfa. Dd. | By eNmre%a, 
of which the proof is direct and simple. Hence, since we always have 
a! Nea, we also always have 
qiNnmc‘a, 
whence NC CN,C.N™"C € Cls ex? excl. 
We have in like manner 
qi N,mefa.q!™N,cfa. 

But we do not always have 

aA! Nimncta, or qi N,™cfa or q!™N,cfa. 


#10623. +:BeN'ea. Dd. N%ca=N,cf8 


b. 64°33. #1041. 4635.5: Hp. dD. Pa tyoiS 
b .(1). (#106-01-011) . #100321. 3+. Prop 
#106231. F: Be Nicfa. >. Nycka=Nyck8 [Proof as in *106-23] 
#10624. b: Nefa=Nof8.d.N%ca=NacB [*106-23] 
#106-241. F: Nicva=Nici8. 9. Nucka=N, cB 
The analogues of the above propositions for other indices or suffixes are 
similarly proved. 
#10625. F.N®cfa=Noactea [#10623 . #1042] 
#106251. +. Noocfa = Nycée'a 
#10631. bia, yet a.ta=t"B.rty.d. 
L eaeNycia. | yBeNuckB. | aan | ofB=an 
[*106°2 . *55°233] 
#106311. bi. vet a.tfa=t(Bia=A.v.B=Ard. 
{ xaeNacta. | a BeNuc'B. | afan aK Bor 
[*106-2 . *55:232 . Transp] 
#106°312. +: tfasve.a=B=ta.>d. 
D U(oa T faeNagclat(A fT UaeNucR-u(ute TUaal(A Tia=A 
em. 
b.#73-43. Db. o(efe fof) sm fe (Af ufe) sm foe 
{#1312} Dt: Hp.d.e(ete fefe)sma.u(Afue)smB (1) 
b. #6416. Db: Hp. d. tha Pf fie tga KT Uae big tt (2) 
ba (1)- (2). 106-1 . #51161 . #2454. 55-202, D+. Prop 


SECTION 4] CARDINALS OF RELATIONAL TYPES 61 


#10632. Frtfa=t'8. >. (gy, 8). ye Nace. SeNuciB.uyndaA 
Dem. 

F.#10631. 5b: Hp: (q2,y).a,yeta.ctyid. 

(ay, 8)- ye Nucta.deNackB.yaS=aA (1) 
b.x524. Dhin(qa,y).a,yetfa.cty.DitfacluuA. 
[*63-18] D.tfael (2) 
Fs (2) .#60°38 . ¥63°105 #5246. DE rw (qa.y).2,y eta. obey. la.qtg.d. 

a=B=tfa.tfael, 

[*106°312] >. (Gy, 8)-yeNucfa.deNyckB.ynS=A (8) 
+. #106311. #6318. > 
bi. Hpin(q ta. gt B): >. (ay 8)-vyeNgciadSeNycB.ynd=A (4) 
F.(1).(8). (4). DF. Prop 


#1064 Fi w=Nicka.d. pig = Nocia 


Dem. 
F. #10614. bt: Hp. 32. Be poe =! (Gy) ve N cia. Ssmy. Bet tory : 
[*64°3] Bi(qy)-vyeNcfa.Bsmy: Bet tyfa: 
[*102°84] 2:6sma.fett, a: 
[*106'1] =1B8eNactat: I+. Prop 
#106401. Fs p= Nicfa. 2. pig = Nea 
Dem. 
F.*104-24. 4106-4. Db: Hp. D- poy = Noete“a 
[*106-25} =N"ca: D+. Prop 
#106402. F:p=Nicla. gq! ued. poy = Nucia 
Dem. 
+. 106231 . Dt: Hp.Bepw.D. Nycka=NackB 
[#106-4.%103-26] = Hie Q) 


F. (1). 10112335. +: Hp. q!~.>. wy =Nycia: D+. Prop 
¥10641. Fi p=Nicfa.d. por = Nba 
Dem. 
+. *63-54 . (4106-041) . #10327. 3 
FrHp.d: Ben .=:(qy).yeNcia.Bsmy: BetOXa: 
[#102°84.%64°32] :Bsma. Beta: 
[(*106°011)] :BeNcfat: DE. Prop 
#106411. b: w= Nicfa. 3. ny = Nucia [Proof as in *106°41] 
#10643. birpveN,C. tatty. >. (a7, 8) +7 Hon 8m -~ad=HA 
Dem. 
b,#1032.3b:Hp.3. (qa, 8). p=Necfa.v=NicfB. 
[*106-4] D. (aa, B) + wo = Noe « Yom = Nac’B « 
[4106-32] >. (ay, 8). € Hey «Ber 0 S= Ar Db. Prop 
#10644. bip,ve NC. tu=tv.d.(qy,d)-yew Sev.ynd=A [*10632) 


WOW A 
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The following propositions are analogous to #102°71 ff., and similar remarks 
apply to them. 
#1065. br ReClo1.D‘RCa.d‘RCRMafa). 
W=29 (a, yea.v2(R'e)y}.d.Wre TR. W Gata 


Dem. 
bia473. Db: Hp. dia yea.InyteWy.=.va(Re)y: 
[*5°18] Dayi~{aWy.=.a(R)y} 
[*10-1] Diwea.d,.v{aWe.=.a (Rix) x}. 
[*21-43.Transp] 22 W + Rees 
[Hp] Dia@eDR.9,.W+ Re: 
[*71:411.Transp] 3:.W~eC‘R qd) 
b. 421-33 . (435°04). Dt: Hp.d.WEata 2) 


F.(1).(2). D+. Prop 
#10651. +: 8Ca.d.~{8sm Ria fa)} 
Dem. 
b. #1065. Dt: Hp.Relw1.D‘R=B.G‘RCRIi(afa).d. 
(qW).WeRi(afta). Week. 
(#13°14] 3.0R+ Ri(a fa) (1) 
+ .(1).#2241.3+:.Hp.3:Rel—+1.D'R=8.3,.0'R+Ri(afha): 
[*10°51.#73-1) I:i~{Psm Ri(a fT a)} :. DF. Prop 
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SECTION B 


ADDITION, MULTIPLICATION AND EXPONENTIATION 
Summary of Section B. 


’ In the present section, we have to consider the arithmetical operations as 
applied to cardinals, as well as the relation of greater and less between 
cardinals. Thus the topics to be dealt with in this section are the first that 
can properly be said to belong to Arithmetic. 


The treatment of addition, multiplication and exponentiation to be given 
in what follows is guided by the desire to secure the greatest possible 
generality. In the first place, everything to be said generally about the 
arithmetical operations must apply equally to finite and infinite classes or 
cardinals. In the second place, we desire such definitions as shall allow the 
number of summands in a sum or of factors in a product to be infinite. In the 
third place, we wish to be able to add or multiply two numbers which are not 
necessarily of the same type. In the fourth place, we wish our definitions to 
be such that the sum of the cardinal numbers of two or more classes shall 
depend only upon the cardinal numbers of those classes, and shall be the same 
when the classes overlap as when they are mutually exclusive; with similar 
conditions for the product. The desire to obtain definitions fulfilling all these 
conditions leads to somewhat more complicated definitions than would other- 
wise be required; but in the outcome, the result is simpler than if we started 
with simpler definitions, since we avoid vexatious exceptions. 

The above observations will become clearer through their applications. 
Let us begin with the case of arithmetical addition of two classes. 

_ If a and # are mutually exclusive classes, the sum of their cardinal 
numbers will be the cardinal number of av 8. But in order that a and 8 
may be mutually exclusive, they must have no common members, and this is 
only significant when they are of the same type. Hence, given two perfectly 
general classes a and §, we require to find two classes which are mutually 
exclusive and are respectively similar to a and 6; if these two classes are 
called a’ and #’, then Ne‘(a’ v @’) will be the sum of the cardinal numbers of 
aand 8. We note that Anaand An indicate respectively the A’s of the 
same types as a and @, and accordingly we take as « and Q" the two classes 

{ (AaB) fa and (Ana) | “eB; 
these two classes are always of the same type, always mutually exclusive, and 
always similar to a and @ respectively. Hence we define 


a+ B= (An ByMfau(Ana) |e DE. 
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The snm of the cardinal numbers of a and @ will then be the cardinal 
number of a+-8; hence we may call a+ the arithmetical class-sum of two 
classes, in contradistinction to «uv @, which is the logical sum. It will be 
noted that a+, unlike a uv 8, does not require that a and @ should be of the 
same type. Also a+a is not identical with a, but when a= A, a+a is also A, 
though in a different type. Thus the law of tautology does not hold of the 
arithmetical class-sum of two classes. 


If » and p are two cardinals of assigned types, we denote their arithmetical 
sum by #+,». (As many kinds of arithmetical addition occur in our work, 
and as it is essential to our purpose to distinguish them, we effect the dis- 
tinction by suffixes to the sign of addition. It is, of course, only in dealing 
with principles that these different symbols are needed: we do not wish to 
suggest that they should be adopted in ordinary mathematics.) Now if w+ .v 
is to have the properties which we commonly associate with the sum of two 
cardinals, it must be typically ambiguous, and must be the cardinal number 
of any class which can be divided into two mutually exclusive parts having 
p terms and p terms respectively. Hence we are led to the following definition: 

wtp =F (qe, 8). p=Nema.v=Niet8.fsm(a+h)} Df. 

In this definition, various points should be noted. In the first place, it 
does not require that ~ and v should be of the same type; +, is significant 
whenever y and v are classes of classes. Thus it is not necessary for signifi- 
cance that » and v should be cardinals, though if they are not both cardinals, 
p+.v=A. If they are both cardinals, we find 

A 
ptov=F {(qa,8).aep. Bev. Esm(at+P)}. 

Thus in this case aew.Bev.d.a+Beptyv. 

Hence if neithe: » nor v is null, and if a has » terms and 8 has py terms, 
a+ isa member of w+,». It easily follows that 

Frp=Neca.v=Nef8.3.+ev=Ne (a+ 8). 

Hence when » and v are homogeneous cardinals (i.e. when they are cardinals 
other than A), their sum is the number of the arithmetical class-sum of any 
two classes having » terms and v terms respectively. 

A few words are necessary to explain why, in the definition, we put 
p=Ncfa.v=Ne‘S rather than p=Ne‘a.v=Ne‘@. The reason is this. 
Suppose either y or v, say w, is A. Then, by *102°73, « =Ne(¢)**S, if fis of 
the appropriate type. Hence if we had put 

w+.v=& {(qa,8).p=Ne‘a.v=Ne'B.Esm(a+)} Df 
where the ambiguities of type involved in Ne‘a and Ne‘ may be determined 
as we please, we should have 
p= NeS.3.64+ Beptor, 
4.0. v=NeB.3.t+ BeA+on. 
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We should also have #4 @eA+,v and so on. Thus A+,» would not 
have a definite value, 7¢. it would not merely have typical ambiguity, which 
it ought to have, but it would not have a definite value even when its type 
was assigned. Thus such a definition would be unsuitable. For the above 
reasons, we put 4 =N,c‘a.»=N,c'8 in the definition, and obtain the typical 
ambiguity which we desire by means of the typical ambiguity of the “sm” 
in “Esm(a+8).” It is always essential to right symbolism that the values 
of typically ambiguous symbols should be unique as soon as their type is 
assigned. The scope of these definitions and of the corresponding definitions 
for multiplication and exponentiation (*113°04'05 . *116°03'04) is extended 
by convention II T of the prefatory statement. 


The above definition of »+,» is designed for the case in which » and v 
are typically definite. But we must be able to speak of “ Ne‘y +, Ne‘8,” and 
this must be a definite cardinal, namely Ne“(y+). If we simply write 
Ne‘y, Ne‘é in place of #, v in the definition of 4 +,v, we find 

Ne‘y +, Ned = E (qa, 8). Ne‘y=N,cfa. Ne‘S = Nyc'8. Esm (a + B)}. 

But this will not always have a definite value when the type of Ne“y+, Ne‘ 
is assigned. To take a simple case, write ¢‘¢ for y and ey for 8. Then 
Net +, Netefy = Ei(qa, 8). Net*S=Nocfa. Ne‘u'y = N,c'8. Esm (at 8)I, 
whence we easily obtain 
Net'E+,Ne‘i'y= E((qa) «Net =Nicia. sm (a + v°y)}. 
If we determine the ambiguity of Ne‘t‘¢ to be N,c‘t*% we find 
Ne t+, Nety=A 
in all types; but if we determine the ambiguity to be N,c‘t'¢, we have 
Nett't +, Note'y =Ne(t'£+'y), 
and this exists in the type of #¢+ ¢‘y, if not in lower types. Hence the value 


of Nct°¢-+, Ne‘t‘y depends upon the determination of the ambiguity of Ne‘t‘é. 
It is obvious that we want our definition to yield 

Ne“y +, No‘S = Ne“(y + 8) 
in all types; but in order to insure that this shall hold even when, for some 
values of £, Nc()’y=A, we must introduce two new definitions, namely 

Nefa+,~=N,ckat.p Df, 

p+.Nefa=p+,Nicka Df, 
whence fF: Nefa +, Ne‘B = N,cfa +, Noc'8 = Nea + 8). 
This definition is to be applied when “Ne‘y” and “Ne‘é” occur without any 
determination of type. On the other hand, if we have Ne (¢)‘y and Ne(»)‘6, 
we apply the definition of ~+,». We shall find that whenever Ne(f)*y and 
Ne(m)‘6 both exist, 

Ne (f)'y +, Ne (9) = Nyc’y +, Nycf8. 
Thus the above definition is only required in order to exclude values of § or 7 
for which either Ne ({)*y or Ne (n)‘8 is A. 
R&W IL 5 
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The commutative and associative laws of arithmetical addition are easily 
deduced from the definition of a+. We shall have 


kia+8=Cnv“(8+a), 


whence F.Ne‘a+, Ne‘B = Ne'8 +, Ne‘a, 
because each = Ne“(a+ 8). A similar though slightly longer proof shows that 
Feat A)+ysmat+ (B+), 


whence bk. (Nefa +, Ne‘P) +, Ne‘y = Nefa +, (Ne‘8 +, Ne“y). 

The above definition of a+ enables us to proceed to the sum of any 
finite number of classes, and allows any one class to recur in the summation. 
But it does not enable us to define the sum of an infinite number of classes. 
For this we need a new definition. Since an infinite number of classes cannot 
be given by enumeration, but only by intension, we shall have to take a class 
of classes «, and define the arithmetical sum of the members of «. Thus now 
the classes which are the summands must all be of the same type (since they 
are all members of «), and no one class can occur more than once, since each 
member of « only counts once. (In order to deal with repetition, we must 
advance to multiplication, which will be explained shortly.) Thus in removing 
the limitation to a finite number of summands, we introduce certain other 
limitations. This is the reason which makes it worth while to introduce the 
above definition of a+ @ in addition to the definition now to be given. 


If « is a class of classes, the sum of the cardinal numbers of the members 
of « will evidently be obtained by constructing a class of mutually exclusive 
classes whose members have a one-one relation to the members of corresponding 
members of «. Suppose a, 8 are two different members of «, and suppose « is 
a member both of a and of 8. Then we wish to count # twice over, once as a 
member of a and once as a member of 8. The simplest way to do this is to 
form the ordinal couples «| a and # | @, which are not identical except when 
aand @ are identical. Thus if we take all such ordinal couples, ie. if we take 
the class 


Ri(qe).wea.R=2 | al, 
for every a which is a member of «, we get a class of mutually exclusive 
classes, namely the classes of the form | a‘‘a, where ae «, and each of these is 


similar to the corresponding member of «. Hence the logical sum of this class 
of classes, 7.¢. 


Ri(qa,x).aex.cea.R=a a}, 
has the required number of terms. Now, by *85°601, 
Latase] ‘a. 
Hence the class whose logical sum we are taking is e]‘‘*. Hence we put 
Le=ste]« Df. 
=‘ may be called the arithmetical sum of x, in contradistinction to s‘«, which 


is the logical sum. Thus =‘« bears to s‘« a relation analogous to that which 
a+ 6 bears to av 8. 
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We put further ENefe =Ne's‘e] ‘x Df. 
Thus 2Ne‘« is the sum of the numbers of members of «. 

It is to be observed that &Ne‘« is not in general a function of Ne“«. For, 
if two members of « have the same cardinal number, this will only count once 
in Nex, whereas it counts twice in SNe‘«. 

We shall find that, provided a+ 8, 

ENe“(ufa v 8) = Ne“a+, NefB. 
Thus where a finite number of summands are concerned, the two definitions 
of addition agree, except that the first allows one class to count several times 
over, while the second does not. 

In dealing with multiplication, our procedure is closely analogous to the 
procedure for addition. We first define the arithmetical class-product of two 
classes a and 8, which is a certain class whose cardinal number is the product 
of the cardinal numbers of a and 8. We write 8 xa for the arithmetical 
class-product of 8 and a, and define it as the class of all ordinal couples of 
which the referent is a member of a and the relatum a member of 8, i.e. ag 


Riqay).vea.yeR. Rae] y. 
By #40°7, this class is sa | ‘8. Hence we put 
ed 
Bxa=sal“g De 
ed 
The class af « is similar to 8, and each member of it is similar to a; hence 
b] 
if Niefa=p and N,ci@ =», sal “8 consists of v classes having » members 
bi 
each. The class a | “8 is important also in connection with exponentiation. 
” 
The product of two cardinals is defined as follows: 
A 
wXov =F {(qe, 8) p= Ncia.v=Nee.Esm(ax@)} De 
In regard to types, this definition calls for analogous remarks to those which 
were made on w+,v. Also, as before, we need definitions of wx, Ne‘a and 
Ne‘a x, 4, whence we obtain 
Ne‘ax, Ne‘B=Niciax,Nocf8 Df. 
By means of these definitions, we can define the product of any finite number 
of cardinals; but in order to define products which have an infinite number of 
factors, we need a new definition. 

If « is a class of classes, we take es‘« as its arithmetical product. In simple 
cases, it is easy to see the justification of this decision. Hg. let « consist of 
the three classes a; , a, 4, and let the members of a be #,,#; those of a, 1, Yas 
those of a5, 2,, 4. Then the members of ea‘« are 

aH auwylauz fa; 
milavrpnlauala, 
al aryd CUP AN as, 
abauvydlauwal a, 
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with four more obtained by substituting 2, for 2 in the above. Thus 
Ne‘es‘« = 8 = Ne“a x, No‘ay x, Ne‘a;. In general, however, the existence of 
ea‘ is doubtful, owing to the doubt as to the validity of the multiplicative 
axiom. (We shall return to this point shortly.) Hence there is no proof that 
the product of an infinite number of factors cannot be zero unless one of the 
factors is zero. 

When « is a class of mutually exclusive classes, ea‘« is similar to D‘‘es‘«. 
On account of its lower type, D‘ea‘« is often more convenient than e,‘«. 
Hence we put 

Prod‘x=D‘‘ea‘« Df, 
or (what comes to the same thing) 

Prod=D,|es D£ 

For the product of the cardinal numbers of the members of «, we pnt 

TINe‘«=Nefes‘x Df. 
As in the case of {Ne‘x, IINe‘« is not in general a function of Nex. We 
shall have 

brat@.>. TINc(t‘a v iB) = Neva x, Neve. 

Thus for products of a finite number of different factors, the two definitions of 
multiplication agree, 

It remains to define exponentiation, Since this is not a commutative 
operation, it essentially involves an order as between the base and the expo- 
nent; hence we do not obtain a definition of the exponentiation of a class x, 
analogous to [Ne‘« or IINe‘x, but only a definition of uw”, which may be extended 
to any finite number of exponentiations. We put 

aexp = Prod‘a { “8 Df, 
where a } "8 has the meaning explained above, resulting from *38°03. It will 
be observed that, if N,c‘ca=p and N,c‘@ =», a | “8 is a class of v mutually 


exclusive classes each of which has w terms; hence a exp 8 may suitably be 
used to define n”. Hence we put 
A 
w= E{(qa,8).p=N cla.v=NeB.Esm(aexp8)} Df 
and for the same reasons as before, we put 
(Nefay=(Nycfa)” Df and pNe# = pNo'e Df. 

The above definition of exponentiation gives the same value of yu’ as results 
from Cantor’s definition by means of “Belegungen.” The class of Cantor's 
“Belegungen” is 
Ri{Re1 + Cls. DSRCa. R= 8}, 

Ve. Lod ; (a TB)sB, 
and it is easily proved that this is similar to a exp 6. 


The usual formal properties of exponentiation result without much difficulty 
from the above definitions, 
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The above definition of exponentiation is so framed as to make proposi- 
tions on exponentiation independent of the multiplicative axiom, except 
when exponentiation is to be connected with multiplication, i.e, when it is to 
be shown that the product of » factors, each of which is y, is uy. This 
proposition cannot be proved generally without the multiplicative axiom. 
Similarly, in the theory of multiplication, the proposition that the sum of 
vy p's is ws X,v requires the multiplicative axiom (as does also the proposition 
that a product is zero when and only when one of its factors is zero). Other- 
wise, the theory of multiplication proceeds without the need for employing 
the multiplicative axiom. 


To take first the connection of addition and multiplication: this connec- 
tion, in the form in which we naturally suppose it to hold, is affirmed in the 
proposition: 

pveNC.cevaClsexcl{u.d.s'eep xv (A) 

or mveNC.ncevnCl*p.d.2Kepxyr. 
We will take the first of these as being simpler. It affirms that the sum of 
v ws is wX,v. This can be proved when » is 
finite, whether » is finite or not; but when v 
is infinite, it cannot be proved without the 
multiplicative axiom. This may be seen as 
follows. We know that «1 
bip,veNC.aep.Bev.od. 

a 4 “BevaClsexcl'y. staf “Bewx,v (B). 


Thus (A) above will result if we can prove ; 
xk, NevnClsexcl'u.d.s'esm sar, 


since we shall put a | ‘‘@ for \ and use (B). 
a 


K3 


Since «, rev, we have xsmA. Assume 

; Selo1.DS=n4.0S8=nx. 
Let «,, «2,... be members of «, and let Ay, Ae, «-- 
be the members of which are correlated with 


aS v 
Ki, Kay -.. by S, 18, 4 = Bey y= Shi setc, We ee 

have, since «,reCl*p, «,sm,.«,8m A, . ete, . 

Thus aS8.2,,2.asm @, ie. SGsm. If « and 2 are finite, we can pick out 
arbitrarily a correlation S, for «and A,, another S, for «and d,,and so on; then 
S,u S,... correlates s‘« and s‘X, and therefore s*xsms‘A. But ‘when « anda 
are infinite, this method is impracticable. In this case, we proceed as follows- 


K4 


& & 

By #7301, asm P=(loaljaDands Dé 
Thus “asta” will stand for all the permutations of a class into itself; 
“q sm 8” stands for all the permutations of a into Q, «e. all the 1 -» 1’s whose 
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domain is a and whose converse domain is 8. It is obvious that 
Fiqlasm@nysms.d.a=y. 8=6. 
In the case of the « and X above, we know that asm 8 when aS; thus 
ae. Da.q 1am (Sa) 
or Ber-Dp- W! (SA) MB. 
Put Crp (SB =(S*B)sm 8 Dé, 
where “Crp” stands for “correspondence.” Thus Crp(S)‘A is the class of all 
correspondences of S‘8 and 8; Crp(S)A is the class of ail such classes 
of correspondences. If we extract one member out of each of these classes of 
correspondences, we get a class of relations whose sum is a correlator of s‘« 
and s‘A; we. 
oe D'ea*Crp (8). D . 8a e (8'x) Bim (8°R). 
Thus the desired result follows whenever 
q lea‘Crp (S)*r. 

Now we have Sel7+1.9Gsm.5. Crp (8) re Clsex’ excl. 
Consequently 

Multax.3:Sel731.SGsm.DS=«.dS=n.«,r¢Cls’ excl. 

D.sfesmsX, 
whence, by what was said previously, 
Maltax. D:xevnClsexclu.d.s'eep Xv. UNeK =p x,v. 
The consideration of ea‘Crp (8)* leads similarly to the proposition 

Fs. Multax.DipveNC.nevaCly.3. catee pw”. IINe Ke =p” 
The proof is closely analogous to that for the connection of addition and 
multiplication. 

Tt will be seen that, in the above use of the multiplicative axiom, we have 
two classes of classes « and \. concerning which we assume 

(qS).Sel—71.SCsm.D‘S=«.dS=d, 
ie. we assume that « and X are similar classes of similar classes. A slightly 
modified hypothesis concerning « and A will enable us to obtain many results, 
without the multiplicative axiom, which otherwise might be expected to require 
this axiom. This is effected as follows. 

Put csmsmdr .=.(q7). Telol.dPasr.c= Tea, 
where “sm sm” is a single symbol representing a relation. 

When this relation holds between « and A, we shall say that « and X have 
“double similarity.” In this case, 7 correlates s“« and sA, while J correlates 
« and A, so that if 8 isa member of 2, 7.‘8, i.e. T**8, is its correlate in «. 
We shall then have 

Fiesmsmd.). se sm sh, 
k:esmsmxr. >. Nee = =ZNecr, 
Ficsmsmd.).TINe%« = TINe‘d. 
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Also we have 
Fiesmsma.>.(qS).Selol.SGsm.D‘S=«e.0s=nx. 
Conversely, 
bre, rX¢Clstexcl. Selo+1.8Gsm.D‘S=«.dS=nr. 
we Deg*Crp (8S), T=s@.d.Telol. OT=si.¢= TE, 
whence 
be: Multax.3:.«,r¢Clstexcl:(qS).Sel13a1.S€sm.DS=n,0G=2: 
D.«csmsmr. 
Hence the multiplicative axiom is only required in order to pass from 
(qS).Selo1.8Csm.D‘S=«.dS=r 
to «smsm>. It is this fact, and the consequent possibility of diminishing 
the use of the multiplicative axiom, which has led us to the employment of 
“smsm” in the present section. 

We treat also, in this section, the relation of greater and less between 
cardinals. We say that Ne‘a > Nec‘ when there is a part of a which is 
similar to 8, but no part of @ is similar toa, The principal proposition in 
this subject is the Schréder-Bernstein theorem, 7.e. 

bippev.vep. dps 
This is an immediate consequence of *73°88. It cannot be shown, without 
assuming the multiplicative axiom, that of any two cardinals one must be the 
greater, ie. 
mveNC.ptv.dipD>v.vViv>p 

If we assume the multiplicative axiom, this results from Zermelo’s proof that 
on that assumption, every class can be well-ordered, together with Cantor’s 
proof that of any two well-ordered series which are not similar, one must be 
similar to a part of the other. But these propositions cannot be proved till a 
much later stage (*258). 


4110. THE ARITHMETICAL SUM OF TWO CLASSES AND OF 
TWO CARDINALS 


Summary of *110. 

In this number, we start from the definition: 
#11001. a+ B= (An py au(Ana) | “ee Df 

a+ is called the “arithmetical class-sum” of a and 8. The definition is 
framed so as to give twe mutually exclusive classes respectively similar to a 
and 8, so that the number of terms in the logical sum of these two classes is 
the arithmetical sum of the numbers of terms in a and @ respectively. a+ 8 
is significant whenever a and @ are classes, whatever their types may be. 

By means of a+, we define the arithmetical sum of two cardinals as 
follows: 


#11002. pt.v= E (ma, B).p=Necfa.v=N cB. Esm(a+f)} Df 

This defines the “ arithmetical sum of two cardinals.” (It is not necessary 
to significance that and v should be cardinals, but only that they should be 
classes of classes. 1f, however, either is not a cardinal, wt+,v=A.) It will 
be observed that, when yw and » are typically definite, so are a and @ in the 
above definition; but £ is typically ambiguous, on account of the ambiguity 
of “sm.” Hence y+,» is also typically ambiguous. 

It will be shown that «+,» is always a cardinal, and that, if 

p=N cla.v=N,c88, then wp +,.v=Ne(a+). 

Hence whenever » and » are cardinals other than A, 4+ ,v is an existent 
cardinal in some types, though it may be A in others. 

Two more definitions are required in this number, namely: 
#11003. Nefa+,p=Noecfat un Df 
#11004. w+,Ne‘a=p+,N cca Df 

These definitions are needed in order to apply the definition of «+,» to 
the case in which yw and » are replaced by typically ambiguous symbols 
Ne‘a and Ne‘. It does not make any difference to the value of Nce‘a+,Ne‘8 
how the ambiguities of Ne‘a and Nec‘8 are determined, so long as they are 
determined in a way that insures q!Ne‘a.q!Ne‘; but if there are types 
in which either Nc‘a or Ne‘@ is A, we get Ne‘a+, Ne‘8=A in all types if we 
determine the ambiguities so that Ne‘a=A or Ne‘@=A. It is in order to 
exclude such determinations of the ambiguity that the above definitions are 
required. Also in connection with these definitions and the corresponding 
definitions *#113°04-05 and *116-03-04 and *117-02-08, the convention II T of 
the prefatory statement must be noted. 
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The propositions of the present number begin with the properties of a+ 8. 
We show (*110°11:12) that a+ consists of two mutually exclusive parts, 
which are respectively similar to a and 8; we show (*110-14) that if a and 8 
are mutually exclusive, au 8 is similar to a+, and (#11015) that if y and 
é are respectively similar to a and Q, then y+ is similar toa+@. We show 
(#110°16) that Ne“(a+ 8) consists of all classes which can be divided into two 
mutually exclusive parts which are respectively similar to a and 8. 

We then proceed (*110°2—252) to the consideration of w+,v. Here 
# and y are typically definite, and the definition «11002 applies to any 
typically definite symbols, such as N,c‘a or Ne()‘a. We prove (#110°21) that 
if » and »v are cardinals, their sum consists of all classes similar to some class 
of the form a+, where aew.Bev; we prove (*110°22) that the sum of 
N,cfa and N,c‘8 is Ne(a+), and (*110°25) that if y and y are cardinals, 
their sum is equal to the sum of the “same” cardinals in any other types in 
which they are not null, i.e. 

#11025. Fip,veNC.qism,“p.q!sm“v.d.n+.y=sm,“~+,smev 

We then (*110°3—-351) consider Ne‘a+,Nc‘@, to which we apply the 
definitions *110-03'04. We have 
#1103. + .Ne‘a+,Ne‘8 = N,c‘a +, Nic68 = Ne‘(a+ 8) 
whence the other properties of Ne‘a +, Nc‘ follow from previous propositions. 

We then have (*110°4—-44) various propositions on the type of w+, v and 
its existence and kindred matters. The chief of these are 
#11040 bFigtywt yy. 2. pveNC—U'A .pveNC 
#11042, b.wt ,veNC 

This proposition requires no hypothesis, because, if 4 and v are not both 
cardinals, 7 +,v=A, and A is a cardinal, by #10274, 

Our next set of propositions («110°5—'57) are concerned with the permu- 
tative and associative laws, which are *110°51 and *110°56 respectively. 


We then (#110°6—-643) consider the addition of 0 or 1, proving (#110°61) 
that a cardinal is unchanged by the addition of 0, and (#110643) that 1 +,1=2. 


#11001. a+ B= (An B)iau(Ana) | “OB De 
#11002. wt v= 2 {(qa, 8). w=Nota.v=Nete.fsm(a+A)} Df 
*11003. Ne‘a+,u=Nicfat.u Df 
#11004. n+,Nefa=w+, Nycfa Df 


These definitions are extended by IIT of the prefatory statement. 
#1101. bs. Reat+f.=:(qa).vea.R=(%) | (An@).v. 
(ay)-yeR-R=(Ana) | (y) 
[¥88°13°131 . («110°01)] 
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#110101. F. (U2) | (An 8) (Ana) 1 (Hy) 

Dem. 
b.x5515. Db. Dela) | (An B) =e. D{Ana) | (y)=u(Ana) (1) 
b.#51161.3+. tet (Ana). 
[a51-23) 0 Db. eet (Ana) (2) 
b.(1)- (2). DE. D(a) | (An B)£ D(A na) | (ty). DE. Prop 
#11011. be | (An B)“ean(Ana)l “Bah 


Dem. 
b.#110101.Db:eea. R=] (An Bike. yeB.S=(Ana) | “U'y.d.RES: 
[*37-67] DE: Rel (An Bia Se(Ana) | B.d.R+8 (1) 
b.(1).*2437,.35. Prop 


#11012. +.) (An 6) “easma. (Ana) | “t*8sm 8 [#73-41:61-611] 

¥110°11°12 give the justification for the use of a+ in defining arith- 
metical addition, since they show that a+ 8 consists of two mutually exclusive 
parts which are respectively similar to a and 8. 
#11013. F:ysma.dsm8.ynd=A.9.y¥dsm(a+ B) 

Dem. 
+. #*11012.3+:Hp.d.ysm{ (An 8) "a. dsm (Ana) | “U8 (1) 
F.(1)- #11011 .#73°71. +. Prop 
#11014. FianB=A.d.auRsm(a+f) [*11013.*73:3] 

Thus whenever a and @ are mutually exclusive, their logical sum may 
replace their arithmetical sum in defining the sum of their cardinal numbers. 
#11015. Fiysma.dsm@.>.y+Ssma+B 


Dem. 
F. #11012. 3b: Hp.d.] (And) eysm a.(Any) | “Sem B (1) 
be #11011. DE. L (An 8) iy a(A ny) “SHA (2) 
F. (1). (2). #11018. 


brHp.d.f(Anduyu(Aay) | “eSsmat Bid. Prop 
#110151, b:.¢n B=A.3:£sm(av8).=.(qy,d).ysma. dsm A.ynd=A.E=yud 
Dem. 
F.#73-'71.5+:,Hp.3: 

(qy,8).ysma.dsm B.yad=A.F=yus.3.ésm(avB) (1) 
b.#72-411 . 4387-25-22 . «73-22 .D 
bsSel—~+1.DS=£,.d‘SaauB.anB=A.D. 

San S“B=A.F=S“auS 8. Sasma. S“Bom B. 

[*11:36] >. (qy, 8). ysma.dsm B.ynd=A.E=yud (2) 
F .(2).#10°11-23°35 2473-1. 

Fr Hp.d:&sm(au 8).3.(qy,8).ysma.dsmB.ynS=A.f=yv8 (3) 
F.(1).(3).9 5. Prop 
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#110152. Fs Fsm (a+ 8). =. (qy,d).ysma-dsmB.ynS=A.E=yVd 
Dem. 
F.#110°151-11.5 
H:Esm(a+8). =.(ay.d) sysm) (An By ta. dem (Ana) He, 
ynb=A.E=yvd. 
[*73°87 .#110°12] =. (qy, 8). ysma.dsm8.ynd=A.E=yud:5+. Prop 


#11016. F.No(a+A) =? ((qy, 8)-ysma.demB.ynd=A.E=yud} 


[#110152 . *100-1] 
#11017. FiaetB.3.q1Ne(ta)(a+ 8) 
Dem. 
F. «10443. 


ti Hp.3.(qy,8)-ysma.yCia.dsm 8.8 Cta.ynd=A, 

[#2259] D.(qy, 8). ysma.dSsmh.ynd=A.yudCia. 
[#11016]  -D. (qe). EC ta. Ee Neat). 
[102°6.%63°5] >. q ! Ne (éa)(a+8):I+. Prop 

Thus when a and are of the same type, Ne‘(a + 8) exists at least in the 
type next above that of a and @. We cannot prove that it exists in the type 
of aand 8. Eg. suppose the lowest type contained only one member; then 
if # were that one member, Ne‘(t‘« + ¢‘w) would not exist in the type to which 
(‘x belongs; but would exist in the next type, ze. there would not be two 
individuals, but there would be two classes, namely A and Uw, so that 
UA vu Utfae No(e'a + ta), 
¥11018. F.a+ Be tt*(ta ft) 


Dem. 

+, *64°58. Dkivea.d. [ (An Buse t(ta ft 6) (1) 
F.(1). 48761. Db. | (An Bac tia t #B) (2) 
Similarly F. (Ana) ) 4B Ce(tat tA) (3) 
F.(2).(8). DE.a+ BCH(Ha PHB). 
[«63°5] Dh.at Rett(ta} 8). Dt. Prop 

#1102. bi few4,v.=.(qa,8).m= Ni cfa.v=Neoa. sm (at fs) 
[(#110-02)] 


#110-201. bs. Eeutov-=ip,veNC: (qa, @).aeu- Bev. Esm(at+ A) 
[¥103-27 . #1102] 
#110202. F:. €ewt+.v.=i 
alee give(ay, d).~=Nely.v=NeS.ynd=A.f=yvd 
Dem. 
F.#110°2152. 5b: EFeuty.=t 
(qa, B,y,8).p=Nea.v=NeoR.ysma.demB.ynd=A.Fayvd: 
[#10828] = :(qy,8).qiv-qiv.w=Nevy.v=NeS.ynd=A. oat 
D+. Prop 
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#110-21. biepveNC.d:Feptov-=+(Ga, 8). aen.Bev.&sm(at+f) 
[*110-201] 
#110211. FrpveNC.d:£em+y-=: 


D (qy,8).yesm“p. desm“y syn d=A.E=yud 
em. 


+. *110-21-152. bi. Hp.d:£ewty-S- 
(qa, B,y,8).aep.Bev-ysma.dsmB.ynd=A.Fayud. 

[¥37°1] =.(qy, 8). yesm“p.desm“v.ynds=A.Fayud:. 3+. Prop 
#110212. bi. p,veNC.D:fen+,v.5.(qy) yesm“p.yC&.&—yesm''y 

Dem. 
b. 110-211 .%2447.5 
bi. Hp. Di feptoy.=-(qy,d)-yesm“p.desmv.yC&.d=F—y. 
[#13195] (ay) yesmpoy C&.E—yesmv:. +. Prop 
4110-22, +. Nycfat,N,c'8 = Neat 8) 

Dem. 
b. #1034. #110°211.5 
b:EeN,cia+,N c'6.: 


wh iW 


(ay, 8) ye Noa. SeNcB.ynd=A.F=yvbd. 
{*100°31] .(qy,8).ysma.dsmB.ynd=A.E=yvud. 
[*110°16] «Ee Ne(a+@): I+, Prop 
#110221. +: Fe Ne(n)a+,Nc(f)§8.=- qt Ne(n)‘a.q!No(f)‘8.FeNc(a+8) 
Dem. 
b.#110-202. hs. fe Ne(m)‘a +, Ne(t)8. 
=1q!Ne(m)‘a.q!Ne(O‘@: (qy, 8). Ne(y)a= Ne“y. 
Ne(E)\B=NeS.ynd=A.E=yub: 
[*100°35] =:q!Ne(n)‘a.q!Ne(f)‘8:(qy,d).ysma.dsm B.ynd=A.F=yub: 
[¥110-16]=:q!Ne(n)a. qi Nce(O)B.&eNe(a+8):. 3+. Prop 
#11023. biqiNe(n)a.qiNe(g)‘s.>. 
Ne(n)fa +, Ne(68 =Ne(a+ B)=Necfat Noef8 [¥*110°221-22] 
Thus Ne(n)‘a+,Nce(¢)‘@ is independent of y and ¢ so long as Ne‘a and 
Nec‘f exist in the types of 7 and £ respectively. 


¥110281, Fs. Ne()a=A.v.Ne(*8 =A:D.Ne(n)fat+,Ne (OB =A 
[110-221] 


#11024 Finsma.tsm 8.3. Nyon +, Neil = Nicta +, Noch 
Dem. 


F .103°42 Dt: Hp.d.N,c% =Ne(y)a. NyckS= Ne (8 (1) 
b.(1).#10313.3h:Hp.d.qtNe(n)‘a.q!No(t)‘p. 
[¥110°23] D.Ne(nfa+ Ne(Cye=Nefat.Ne@ (2) 


F.(1).(2).9F . Prop 
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#11025. biywjveNC.qism,“u.q ismev. 9-4 +.y=sm,“y +, sm“r 
Dem. 
F.#103-27.3+iy,veNC.aeu.Bev.q !sm,“u.q ism“, 
a Be = N,cfa wv=N c'B. q! smu. qt smg‘y 5 
[4103-41 6102'85] 3. 4=Nee.v=N,cf8 .sm,“u = Ne(q)‘a. 
smg‘y = Ne(é)‘8. qt Ne(n)a-qi Ne (gp. 


[#11023] D. ptyv = Niefa +, Nocf8 = sm,“u +,.sme“v (1) 
F (1). #10°11-23°35 «3 
krwveNC.qiv giv. qism,“w.qlsme“y.D.ptey=sm,y“ptesmAy (2) 
+,*37'29. Transp. +: qism,“u. qismv. 3. qin. qty (8) 
b.(2).(3). 3. Prop 
#110261. FipjveNC.d.n%4,p% =ptyv 
Dem. 
F .#110-25 . #104265 .3 
b:Hp.gqip®.qiv®.D.4%4+,79=p+yy qd) 
b.#110'202.F:~(qiv®.qiv®).d.p9+4+,p0 =A (2) 
b.*104-264.5b:Hp(2).3.0(qin.qty)- 
[110-202] DiptypoA. 
{(2)] Dp tev =ptev (8) 
F.(1).(8).9F. Prop 


#110252. Fip,veNC.>. pg te% =H+,¥ [Proof as in *110251] 

A similar proof applies to »®, v®, ete., and to any such derived cardinals 
whose existence follows from that of wand v. The proposition does not hold 
generally for jg), vq) and other descending derived cardinals, because they may 
be null when yw and p exist. 


The following proposition (*110°3) is more often used than any other in 
this number except *110-4. 


#1103. +. Ne‘at+,Ne‘B=N,cia+,Nye§8=Ne‘(at A) [#110°22.(*11003-04)] 
#11031. Frysma.dsmf8.3.Ne‘y+,NeS=Neat,NeB [#110243] 
The following proposition is frequently used. 


#11032. Fran B=A.D.Ne‘a+, No‘B =Ne“(av 8) [#110-3°14] 
#110°33. +: Fe Ne‘a+, No'8.=.(qy, 6).ysma.dsm B.ynd=A.F=yud 
[x110'3°16] 


The above proposition is used in #110°63. We might have used the above 
to define arithmetical addition, but this method would have been less con- 
venient than the method adopted in this number, both because there would 
have been more difficulty in dealing with types, and because the existence of 
Ne‘a+, Ne‘@ (in the types in which it does exist) is less evident with the 
above definition than with the definitions given in *110-01-02-03-04. 
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4110331. +. Ne‘ +, Ne‘@ =F ((qy)-ysma.£—ysm B.y CE 


Dem. 
F.*110°33 . #2447. 
b:FeNea+,Ne'@.=.(qy,5)-ysma.dsmB.yC&.b=F—y. 
[¥*13°195] =.(qy)-ysma.&—-ysm 8.y CE: D+. Prop 


#11034, beg! No(y)a.q! No (t)8.2.No(n)'a +, Ne (t)'8 =Ne‘at, Ne‘p 
[#110-23'3] 


#110°36. |. Ntefat, NieS@=Ne‘a+,NeoB (*104102-21 . ¥110°34] 
#110351. |. Nuc’ +, NuciB=Ne‘a+,Ne‘B [*106-21 . #11034] 
Similar propositions will hold generally for ascending cardinals. 


The following proposition (#110'4) is the most used of the propositions in 
this number. It is useful both in the form given, and in the form resulting 
from transposition, in which it shows that 4+,» =A unless both p and v are 
existent cardinals. It is chiefly useful in avoiding the necessity of the 
hypothesis 4, v e NC in such propositions as the commutative and associative 
laws. 


¥11040  Fiqity.D.pjveNC—UA.p,veNC [¥110-201-2022] 


The following propositions, down to *#110°411 inclusive, are concerned with 
types. They are not referred to in the sequel. 


#110401. Fi p= No@.v=Nc8.d.at+ Bett (ptr) 


Dem. 
F. #11018. #10812. 3+: Hp.d.a+ 6 ett(taf ).aen. Bev. 
[63-11] Diat Bett (att). ta=hip.tBa=tiv. 
[#18°12] Dat Pett (hype ftv). 
[#64°13] D.at+Pett(ufv): D+. Prop 
#110402. Fi pjveN.C.3. ql (utr) nit(u fy) 

Dem. 


F .#11022. *100°3.3 
kip=Nyeta. v=N,c'8.2.a+Beptyy. 
[*110-401] D.at+Be(ut pv att(utr). 
[10-24] Deg! (ter) atu t») (1) 
F.(1).*108-2. 5+. Prop 

*110-403. Fi pjveN,C.=.ql(utgv)a tt(e tv) [*110°402°4] 

#110404 b.! (No‘a +, Ne‘) n tt(t'a P68) [*110°18°3 . #100°3] 
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*110°41. brpveN C.tu=tv. D.qi(utonr) rife 
Dem. 
F.x10311 Di p=Nicfa.v=NcP .tuatv.d, 
BCta.vChB .tw=tv. 


[*63-21°35] D. tf =ta.tiv= 8 tu =thv. 
[*13-16-17] Dd. a=tB=h ph. 
[*110-17] D.q! Ne(a+ 8) a tt“u- 


[¥110-22.46319] D.q!(wt.v) atwi Dt. Prop 
#110411. Fitfa=@.3.q1(Ne‘a +, NciB) atta. gq! Ne (¢a)(a+ @) 
[¥110°17°3] 
It will be observed that the following proposition (*110-42) requires no 
hypothesis, This is owing to *#110°4 and *102°74. 
11042. F.w+,veNC 


Dem. 
F. #11022. Dkip=Nea.v=Ne8.d.p+.»=Ne(a+ A). 
[¥100-41] DiptveNC (1) 
F.(1).#108°2. DkipveN,.C.d.p+,veNC (2) 
+, #1104. Transp. DF: ~(p,veN,C).3. + .v=A. 
[#102-74] D. pt veNC (3) 


F.(2).(8). 35. Prop 


#11043. bint v= Noein. =.neptyy (110-42. %103:26] 
#11044. F.smS(ut.v)="tov 
Dem. 
F. «37-1. #1102.5 
Fi €esm“(u+,v).=.(q7, 4,8). w=N cla. v=NR.ysm(at+ 8).Esmy. 
(*73:3-32] » (qa, 8). w=Ni cla.v=Niof8.&sm(at+ 8). 
[*110-2] »Eewt vid. Prop 
The above proposition depends upon the fact that +,» is typically am- 
biguous, even when » and » are typically definite. It is used in the theory of 
inductive cardinals (#120°32-41-424). 
The following propositions are concerned with the commutative and 
associative laws for arithmetical addition of cardinals, 
#1105. +. 8+a=Cnv“(a+ 8) 
Dem. 
+ k5514. DF . Cav(at@)=AnB | “itaul Anat 
[(#110-01)] =Bta.db. Prop 
#110501. +. 8tasma+Q [%*1105.*73'4] 
¥110B1. be tov=vtym [#1102301 . #7337] 


It is not necessary to the truth of the above proposition that » and v 
should be cardinals. If either is not a cardinal, z+,» and y-+,p are both A. 


aout al 
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The following propositions lead to the associative law (*110°56). 
4110562. b:&sm(a+ @)+y.=.(q7,p.0)-7Ssma.psmB.osmy- 
map=A.tac=A.pano=A.E=Tv pve 

Dem. 

F, #110152. 3b :.£sm(a+f)+y7-=: (an, 7). 98m(at+8)- 
osmy-nac=A.f=nu0: 
:(q7,9.9,0).7sma.psmP.rap=A.n=TVp- 
osmy.nac=A.E=nvuc: 
[*13°195.%22'68.%2432] =: (q7,p,0).7sma.psmfB.osmy.tAp=A. 
moac=A.paosA.f=rupvai ot. Prop 


Wl 


[110-152] 


#110521. t: &sma+(8+y)-=-(G7,p,0).7sma.psmB.osmy. 
twap=A.wac=A.pno=A.€=rTvpuc [*110:501-52] 


*110'53. +.(a+8)+ysma+(@+y) [¥*110°52°521] 
#110681. a+ B+y=(@+8)+y Df 
#11054. + .(Ne‘a+, Nef8)+, Ne‘y=Ne(at+8+ ) 
Dem. 
b. #1103. D+. (Ne‘a+, No‘B) +, Ne“y = Ne“(a+ 8) +, Ne“y 
[#110°3.(#110-531)] =Ne(a+@8+y).2+. Prop 
#110541. F. Nofa +, (Nc‘B +, Ne“y) = Ne(at+@6+y) 
Dem. 
b.#1103.3+.Ne‘a+,(NefB +, Ne“y) = Ne‘{a+(@+y)} 
[#110°53.(*110°531)] =Ne(a+@6+y). 3+. Prop 
#11065. F.(Ne‘a+, Ncf@) +, Noty = Ne‘a+,(No‘B +, Ne“y) [%110°54'541] 
#110551. F. (N,cfa +, Nuc’B) +. Nochy = Nycfa +, (NicB +. Nocy) 
[#110°55 . (#110:03-04)] 
¥110°56.  F. (et) +. 5 =P to(¥ +) 3) 
Dem. 
»*110°551 . #103:2. > 
rpy,oeN.C.d.(utev)t.e =pte(v +.%) (1) 
-*110°4. Transp. > 
Fin(uy,oeNC).d.(utey)t e=A. pt wtwa=A. 
[13-171] D.(utyr) to FO =U te (V+,R) (2) 
F.(1).(2). 3+. Prop 
This is the associative law for arithmetical addition. It will be seen 


that, like the commutative law, it does not require that u, v, w should be 
cardinals. 


So ar 


#110661. wto.v+,.c=(u4+,v)+,o Df 
#11057. Fe(uter)to(@tep)=MteytoBtep [*110°56.(*110561)] 
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The following propositions, concerning the addition of 0 or 1, are used fre- 
quently in dealing with inductive cardinals (#120). 
#*110°6. bispeNC.3.44,0=sm“p 

Dem. 
b. #10111. *11021.5 


Fe Hp. d:feu+,0.2.(qa,8).aep.8e0.€sm(at+ Qf). 


[*54°102] =.(qa).aepn.Esm(at+A). 

[*110°152] =.(qa,y,8).aeuw.ysma.dsmA.ynd=A.fF=yud, 
[*73°47] =.(qa,7).aenoysma. bay, 

[#13195] =.(qa).aeu.Esma. 

[«37°1] =.&esm“y:.3+. Prop 


When » is a typically definite cardinal, sm“ is the same cardinal 
rendered typically ambiguous; when yp is a typically ambiguous cardinal, 
sm“ is #. In place of the above proposition, we might write 
weNC.3.44+,0=p; this would be true whenever the ambiguity of 
w#+,0 was so determined as to make it significant. But the above form 
gives more information. 


#11061. +.Ne‘a+,0=Ne‘a 


Dem. 
F.#1011.3b.Ne‘a+,0=Ne‘a+,NefA 
[x110'32] =Ne‘(au A) 
[#2424] =Ne‘a.3+. Prop 


In this proposition, Ne‘a is typically ambiguous; hence we escape the 
necessity of putting sm‘‘Ne‘a on the right, as we should have to do if 
Ne‘a were typically definite. We can deduce *110°61 from *110°6 as 
follows: 

+ .#1103. 3+. Nefat+,0 = Nycfa+,0 
[x110°6] =sm“Nyeta 
[#103°4] = Ne‘a 

We have to travel via N,c‘a in this proof, in order to avoid the possibility 
of a typical determination of Ne‘a which would make Ne‘a=A. It is for 
the same reason that we cannot put “sm‘‘Ne‘a=Ne‘a”; for if the first 
Ne‘a is determined to a type in which Ne‘a =A, while the second is not, this 
equation becomes false. 

#11062. Fiw+.v=0.=-p=0.v=0 

Dem. 

+ 4103-27 «101-1113. D+ .0=N,cfA ql) 
F.(1).#110°43. 3 


bigtpoyeO.si:ANeutyv! 
[*110-202] Siqlw-qiv:(qy,d)-=Nety.v=NeS.ynd=A.yud=Ai 
[424°32.418-22] =: q!-qiviw=Ne‘A.v=Ne‘A: 
[1011-12] etp=0.y=0:.9b. Prop 
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411063. +. Ne‘a+,1=2 (gy, y).ysma-yrey. Fay uly} 
Dem. 


.#L0L2.3 
+. Ne‘a+,1=Ne‘a+, Ne‘e‘e 

[11033] = £ {(qy,8)-ysma.dsmt'e.ynd=A.E=yVv 5} 

[73°45] =£{(qy,8).ysma.deleynd=A.E=yv 8} 

[52:1] =F {(qy,8y)-ysma.d=t'y.yndSHA.f=yvd} 


[¥13°195.451-211] =F ((qy, y)-ysma.yrey. Eay Vly}. Db. Prop 


The above proposition is much used in the theory of finite and infinite, both 
cardinal and ordinal. It connects mathematical induction for inductive cardinals 
with mathematical induction for inductive classes (cf. #120). 


#110°631. F: we NC. D.wtel =F {(ay.y)yesm“p.yrey. E=yu ly} 
Dem. 
F. #110211. #101°21.5 
brHp.Dd.mtel =F {(qy,d).yesmp-desm“1.ynd=A.F=yvd} 
[*101-28] {(qy, 8) .yesmp. Sel.ynd=A. E=qyvud} 
[652°1 51-211] {Cay y)yesm“p.yrey.E=yu ly} :O+. Prop 
The proposition 

meNC.D.ptol=Fi(qyy)vemeyrey Esmy Vly} 
which might at first sight seem demonstrable, will only be true universally if 


the total number of objects in any one type is not finite. For suppose a is a 
type, and w= N,c‘a. Then if ais a finite class, 4=t‘a. Hence yep. ,y-yey- 


at 
=E 


Hence ? {(qy, 9) «yew yrery. Esm (vv tfy)} =A inall types. But 1 +,1 will 
exist in all types higher than that of y. If on the other hand the number of 
entities in a is infinite, we shall have 

yea. d.a—lyeNea.yren—uy. 
Hence in this case the above proposition will be true universally. 
#110682, Fi weNC.D. n+ 1 =F i(qy) yok. €—u'yesmp] 


Dem, 
+. #1106381 . #51:211:22..5 


HrHp.D.mtol=F (Cary) yeam“uayef-y= Fey} 
[*13'195] =F \(qy) ye&.&—t'yesm“y} 2 D+. Prop 
411064. +.0+4,0=0 [#110°62] 
#110641, +.1+,0=04+,1=1 [¥110°51°61. ¥101-2] 
#110642. F.24,0=04,2=2 [¥11051-61. #10131] 
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#110643. F.1+,1=2 
Dem. 
F . #110°632 . *101'21-28. 3 
Fe Lt.1=Pi(ay)-yeb. Eye} 
[#543] =2.35. Prop 
The above proposition is ‘occasionally useful. It is used at least three times, 
in #11366 and *120'123-472, 
¥110°7-'71 are required for proving *110°72, and #110°72 is used in *117°3, 
which is a fundamental proposition in the theory of greater and less, 


#1107, b:@Ca.d.(qu).weNC. Nea= Ne‘ +5 
en b #2441121. 3b: Hp.d.a=Bu(a—f)-An(a-f)=A. 
[*11032] >. No‘a= Nog +,Ne(a— 8): 3+. Prop 
#11071. Fs (qu). Nefa=No'B+, 4.3 -(qS).8sm8.5Ca 
Dem. 
F.*100°3.#110°4.5 
bi Nota=NeBtyp.D.peNC—iA (1) 
b.#1103.5b:Nea=Ne@ 4, Ne‘y.=.Nea=Ne(@+y). 
[*100°3'31] >.asm(P+4). 
[73-1] D.(qR). Relol. DiR=a.TR=lAMitBu dg | ell. 
[487-15] D.(qR). Rell.) Afunge@R. RY | AB Ca. 
[#1 10°12.%73°22] 3 . (qd). Ca. dam (2) 
F.(1).(2).F. Prop 
The above proof depends upon the fact that “Ne‘a” and “Ne*8 +,” are 
typically ambiguous, and therefore, when they are asserted to be equal, this 
must hold in any type, and therefore, in particular, in that type for which we 
have ae Ne‘a, te. for Nic‘. This is why the use of *100'3 is legitimate. 
#11072, | :(qS).Ssm8.8Ca.=. (qu). peNC.Nea=NeB top 
Dem. 
F .#100°321.#110°7.3 
k:.8em8.5Ca.d:NeS=Ne'A: (qu). weNC.Nea=NeS+,u: 
(#13°12] D:(qu)-weNC.Ne‘a=NoB +p ) 
F.(1).#11071. 1. Prop 


#111. DOUBLE SIMILARITY 
Summary of *111. 


The arithmetical properties of a class, so far as these do not require or 
assume that it is a class of classes, are the same for any similar class. But a 
class of classes has many arithmetical properties which it does not share with 
all similar classes of classes. For example, if « is a class of classes, the number 
of members of s‘« is an arithmetical property of «, but it is obvious that this 
is not determined by the number of members of «, but requires also a know- 
ledge of the numbers of members of members of #. For example, let « consist 
of the two members a and £, and let 2 consist of y and &. Then «sm; but 
in order to be able to infer s‘esms‘A, we require x, X¢Cls*exel and 
asmy.8sm 8 or asm8.8smy or some such further datum. The relation of 
“double similarity,” to be defined in the present number, is a relation between 
classes of classes, which, when it holds between « and 4, insures that all the 
arithmetical properties of « and » are the same, e.g. we have (in particular) 
Ne‘s‘« = Ne‘s‘r and Ne‘es‘« =Ne‘es‘r. This relation we denote by “sm sm,” 
which is to be read as one symbol. It is defined as follows: We define first the 
class of “double correlators” of « and %, which we denote by “#« 5m im 2,” and 
of which the definition is 


= A 
#11101. «SM HA=(l—-1)nMIsanl(e=Te“r) Df 
so that 
F:TexsmsmrA.=.Telwol .GT=sr.n=TEX. 
We then define “«smsm 2X” as meaning that « 3M SMA is not null, ve. that 
there is at least one double correlator of « and A. 


To illustrate the nature of a double correlator, let us suppose that « consists 
of the two classes a, and a,, and that o consists of 2,, %,., while a, consists of 
a1, Xe, 3. Similarly let X consist of 8, and @,, while 8, consists of yn, ts 
and A, consists of yn, Ys, Yas Now let T correlate each # with the y having 
the same two suffixes. Then 7’ is a one-one, and its converse domain is s‘A. 
Moreover T.‘8, (which is T““B,)=a,, and Te’B,=a,, 80 that TeA=x«. Thus 
T is a double correlator according to the definition. 


The essential characteristic of a double correlator J is that (1) T is a 
correlator of s‘« and s‘A, (2) T-[X is a correlator of « and ». If we write S 
in place of T-[A, then if Bed, we have S‘Bex; moreover Tf is a correlator 
of S‘@ and 8. Thus « and 2 are similar classes of similar classes. They are 
not merely this, however, for we not only know that S‘@ is similar to 8, but 
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we know a particular correlator of S‘8 and 8, namely Tf. This is essential 
to the use of double similarity, as will appear shortly. 


Let us consider the relation between « and which consists in their being 
similar classes of similar classes. This means that there is a correlator S of « 
and A, such that, if 8 eA, SB is similar to 8. That is to say, we are to consider 
the hypothesis 

(qS).Selw1.D‘S=«.0'S=r.SEsm 
or, as it may be more briefly expressed, 
qixcsman Ri‘sm. 


Let us assume Sex Sia Ri‘sm. If we attempt to prove (say) that s« 
is similar to s‘d, we find that we are forced to assume the multiplicative axiom; 
unless « and » are finite. This necessity arises as follows. Let us put 

Crp (S)‘8 = (S*8) 5m B, 

where “Crp” stands for “correspondence.” Then we know that whenever 
Bex, Crp(S)‘8 is not null. Further it is easy to prove that, if « and A are 
classes of mutually exclusive classes, and if we can pick out one representative 
member of Crp(S)‘@ for each value of 8 which is a member of 4, then the 
relational sum of all these representative correlations gives us a correlator of 
s‘c and sA. That is, we have 

Fi, XeCls? excl. Se x3m An Ri‘sm. ReesCrp(S)“r. 9. 8D‘ Re(s*«) 5m (8°). 


But in order to infer hence s‘x sm s‘A, we need Wf! ea‘Crp(S)A, we. we 
need to be able to pick out a particular correlator for each pair of similar 
classes S‘8 and 8. This, however, cannot be done in general without assuming 
the multiplicative axiom. It follows that we must not define two classes as 
having double similarity when q! « 52-1 Ri‘sm, but must give a definition 
which enables us to specify a particular correlator for each pair of similar 
classes. This is what is effected by the above definition of double correlators, 
where our Sis given as of the form 7-[A, where Te1—1.(‘T=s, If the 
multiplicative axiom is assumed, but in general not otherwise, we have 
(#1115) 

x, Ne Clstexcl. DixsmsmdrA. =. ql xsmirn Rifsm. 

In the present number, we shall begin with various properties of double 
correlators. We prove (#111'11) that 7 is a double correlator of « and A when, 
and only when, 7’ is a correlator of s‘« and s‘A, and Te[ is a correlator of « 
and X. We prove (#111'112) that in the same hypothesis, Te [> ¢« 8M An Ri‘sm. 
We prove (#11118) that If sd is a double correlator of ) with itself; that 


(«111°181) if T is a double correl.tor of « and A, T is a double correlator of % 
and «; that (#111-132) if 8, 7 are double correlators of « with \ and of X with 
» respectively, S]7 is a double correlator of « with », Hence it follows 
(#111:45-451'452) that double similarity is reflexive, symmetrical, and transi- 
tive. : 
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We then proceed («111'2—'34) to consider Crp (S)**a, where it is to be 
supposed that Sis a correlator of S‘‘A and 2, and that §*@ is similar to @ if 
Ber. We prove 
#11132. | A, SX eCls'excl. Sell. Re es‘Crp(S)"7.. M=sD'R.D. 

Me1lol. OM =8.. 8. = Men. SPrA=MPr 

Thus in the case supposed, M is a double correlator of SX and A. Thus 

#111322. 4, Ne Clstexcl. SexSMrA. Rees‘Crp(S)rx. M=sD‘R.D. 
Mexsmsmn.S=Mepr 

We then proceed (#111'4—-47) to various propositions on “smsm,” and 
finally (#111°5°51°58) state three propositions which assume the multiplicative 
axiom, namely 
*1115. IEPf«,reCls*excl, then «smsmr.=.q!<sm2rn Ri‘em. 

#11151. In the same case, q! «smn Ri‘sm. D. s‘esms‘A, te. if « andr 
are similar classes of mutually exclusive similar classes, their sums are similar. 


#11153. In the same case, if «,¢Cls*excl, «smsm >. Hence the multipli- 
cative axiom implies that two classes of 4 mutually exclusive classes each of 
which has v terms, have the same number of terms in their sum. 


#11101, eEM AM A=(1 1) a Msran P(e= Ter) Dé 
#11102. Crp (S)'8 = (88) mB Df 
#11108. smsm=2%(q ! « i SHA) . Df 
wll1l1, bf: Texsmsma.=.7elol. OT=srn.e=Ter [(#l1101)] 
wlIL11. |: Texsmsmr.=.Te(s‘x) sm (sr). Teh rex Br 
Dem. 
+ .487°25. Fact. DEC's. c= TAD. DTT. = Teh, 


[*40°38] Dd. DITH=sT!R =e TER, 
[(*87-04)] >. DLs sx (Ql) 
+. #72'451 . *60°57 . *85°65 . D 

brPelol. GP=sn.d.Teprclol.r=A(Tef a) (2) 
+ .487-401 . Dbre=TerA.S.e=D(Tep a) (8) 


F.(1).(2)-(8) #471. 34s Tell. OTasr.e=TAr.=. 
Tel~w1.DP=s5e.0'2=sn. LePre11.D(TePry=u-A(Lepray=a (4) 
(4). #111-1 . #7303... Prop 
w1IL111. f: Texsmamr.>. Tf ra Gem 
| Dem. 

fb. 41111.*6057.36: Hp.3.Tell.raccrae. 

[«73'5] >. TefXEsm:i3t. Prop 
#111112. b:Texsmmr.>.TePrecsmrAnRi‘sm = [¥111-11-111] 
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The two following propositions are useful lemmas for the case when T is 
replaced (as it often is) by Tf a. 


#11112, brs Ca.d.(Thafra= Ter. (Th ae Pra=TePa 
Dem. 


b.¥37-101-421.3+:@Ca.>.(ThaB= TB Q) 
+. #4013, Dh Hp. d:Ber.d.8Ca (2) 
+ .(1).(2). Dh:Hp.d:Ber.d.(Tfa)(B=TeP: 

[87-69.#35°71] D:(Tpaer= Ter. (Tfalefr= Te Pr. Db. Prop 


#111121. b. (TP 8A = Ten = (Tef XR (TP 8 Def r= TLePr 
Dem. 
b.¥87-421. Db. DX = (Te Ayer (1) 


b.(1). #11112 2 D+. Prop 
#11113. +.Zfs‘\ exam smr 


Dem. 
b #72717 #50552. Db. Tf sXel a1. (lf sta) = or (ed) 
be e111-121. Dh. (IP otnyetn = Ler 
[#501617] =r (2) 


F.(1).(2). #1111. +. Prop 
#111131. b: Tex SSM. =. Tens x 


Dem. 
b.#71-212.5b:Telol.=.Telol rea) 
bh. xD. Db: Texmsmr.d. D‘T= 8x (2) 


b. &LIL1. (2). 6057. 
bi Pees sHr.d.Pel—ol.eCClD‘7 .ACCKAT n= TEA. 


[«74°6] D.r= (Dee (3) 
F.(1).(2).(8) #1101. Tex smemn.>d. Ted om x (4) 
bd) Fe Db: Pexsmiamn.>.Textiaar (6) 


b.(4).(5). 9+. Prop 
#111132. : SexSmamr.TerA THs. d.S8|\Tex msm pw 
Dem. 


b, #L11-11.*73°311.> 

t:Hp.>.S|Ze(s*«) 5m (s‘u) «(Sef A)|(Te fw) € x Sw Q) 
b. #35354. DF -(SePay|( Tel 2) =Sel(a1 Lele) (2) 
b.x74251 #111. DF: Hp. Dd. S[(A1 Lef m) = Sel(Lef yp) 

[435°23] = (Se| Te) Pu 

[#37°34] =(8|Tef a (3) 


b.(1)-(2).(8). DF: Hp. >. S| Le (s'«) sm (s‘u) . ID) ae eam a 
[#11111] >.8|Texsmam pw: It. Prop 
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gllL14. bs TP srexmmaemr.=.Tfstrhelol.saCdT. n= Tear 
Dem. 

b.#111L1121.5 
b:TPsrexsMsmr.=.TfPsrclo1.d(Thsa)asr.na Ter. 
[35°65] -Thsrelal.srCOT.n=PéA: D+. Prop 
#11115. 1: TP strextmanir.=. Tf sre (s‘x) Sm (sr). TeprexsMA 
Dem. 

b.x#11111.5 

br PP srXexsmsmr.=. Th sr (sx) 8m (sr). (Tf srA)efXexsmar (1) 
b.(1). #111121... Prop 
#11116. Fi qlasm@Bnysmd.d.a=7.8=8 


Wl 


Dem. 
b.#73:038.2+:Hp.>.(qRk).D‘R=a.dR=8.D‘R=y.0R=5S. 
(#13'171] D.a=y.6=5:5+. Prop 

#11118. |. aamSC(at B)s‘8 
Dem. 
+ #3588 ..#7308. Db: ReatiB.>.RGatB a5) 
+. *73°03. D+: ReamMP.D.Rel>Cls. R=8 (2) 


b.(1).(2).#8014. 3+. Prop 
The class (a f 8)a‘f is important, being the class of Cantor's “Belegungen,” 
used by him to define exponentiation; we have in fact 
Ne(a f B)a‘B =(Ne‘a)Ne, 
Thus the above proposition shows that Ne‘(asm @) is less than or equal to 
(Ne‘a)Ne'®; and since, whenever it is not zero, Ne‘a=Ne*8, it is less than or 


equal to 
(Ne‘a)e, 


The following propositions lead up to *111-32:33°34: 
#1112,  b: ELS8.D.Crp(S\@= (SA) A [#1428 .(x111-02)] 
¥111-201. | sf {Crp (S)*@} . = « f{(8“8) 5H A} [442 . (¥11102)] 
#111202. F: ReCrp(S)'8.=. Relo1.DR=88.0R=8 

[#111-201 . *73-03] 

#11121. big! Crp(S)8.=.8‘8sm8 (111-201 . #73-04] 
#111211. bq! Crp (S)(@.3 E198. 8 eas (111-21, «14°21 .¥83°-43] 
#11122. +.B eCUS.3,.q! Crp(S8)8:5.Se14Cls. SEsm 

Dem. 


bi ¥11121.5b:. Bes, Dat Crp (S)B: 
[#7293] 


>BeT‘S.D,.S‘8smp: 
:Sel—Cls.SGsm :.+.Prop 


lt 
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#111221. + :.Sel—Cls.9Gsm.3:q!Crp(8)'8.=. Reds 


Dem. 
b.#111-22.5+:. Hp.d:8¢CS.3.q! Crp(syg (1) 
F, (1). #111211. 5+. Prop 


#11123, +: Se1—+1. Be G69.D. Crp (S)'B = Cav"Crp (Syeseg 


Dem. 
b, #1112. «71163. 


F:. Hp. 3: Crp(s)‘8 = (8*8) sm 8 


[78303] = Cav““(@ ami 9°) 
[72-241] = Cav“(S4S*8 aH S*B) (1) 
F.(1). wri 2018 DF. Prop 


#11124. F:Se1—Cls.rAC ‘8. >. Crp(S)A € Cls? excl 

Dem. 
F.#111-2. #71:168.5 
bs. Hp.3:B,yeX«2Dpy+ Crp (S)8 = (98) StH B « Crp (8)‘y = (S%y) Sy. (1) 
(*111-16] Dp,y+q! Crp(S)‘Bn Crp(S)*y.3.B=y. 
[(1) #8037] 2 -Crp(S)‘B=Crp(S)‘7 (2) 
F.(2).#37°63.%b:.Hp.3:p,ceCrp (SX. q!pna-Dpo-p=oi Ib. Prop 
¥111-25. +:Sel—+Cls.§€sm.rxC A‘8.5. Crp(S)re Cls ex? exel 

[111-2422] 

#1113. bre Clstexcl. >. 3D ega 5m“A Caf sA)a‘sr 

Dem. 


b .#87-29 .#2412.5 

bresfasm“A=A.D. 5D ena SHA C (a F 8A) a9 qd) 
F.*83'1.5 

bi Hp. glesasm‘r~.I:Ber.Is-qlasm‘s. 

[#11118] Da Ti (ah B)a‘B- 

[#80715] Dae ql(afsArass: 

[8083] Ds fats rdaA} [at sr)sel 1 @) 


b (2). #11118 . *85°72 


bk: Hp.qlesfasmA”A.3. Desa smn C Diea(a T sA)ar. 

[*87-2] D8 Degas A CSD eg(a fs) 

[¥85°27] Cat sr)atstr (3) 
F.(1).(8)« Dt. Prop 


asi, (at se 5 
zs 
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wl1131. 1A, 8VeClstexcl. Sel—»>1. Re ea‘Crp(S)".5- 


§DSR ec (s‘S“*A) 5m (sD) 

Dem. 
b.#83°2.5 
bi Hp.3:Rer.=. RCrp(S)‘Be Crp (8). 
[#111-202] =. RCrp(S8)\8 el +1. D‘R\Crp (SB =S‘8- 

‘RCrp (8B =8 (1) 
b. (1). #72322. Dt: Hp.d.sR“Crp(S)"rcl 1. 
[*80'34] 2.sD‘Rel al (2) 


F . (1) 487-68 .#50°17. +: Hp. >. DR “Crp (8) = Sa. 

CU“ R“Crp (S$) =2.- 
[80°34] >. DDR=SX.ODR=d. 
[¥41-48°44] >. DEDR = 5'8A. SDR = sr (8) 
b.(2).(3) «#7808. D+. Prop 


#111311. bd, SX Clstexcl. Sel. q! ea‘Crp (S)X. D . sS*Asm sr 
[#11131 . *73-04] 


#111313. b: Xe Cls’excl. Re ca‘Crp(S)"A.BerA.M=SD‘R.D. 
Mf 8 = R'Crp(8)'8. MP Be Cxp (SB 


Dem. 
b.¥83'2.hi:Hp.Dt.aeX.9,: R*Crp(S)‘a e Crp (S)‘at qd) 
[131-202] D,: ‘ROrp (S)fa=at 
[#83'14.%4°71] 2.:0{R‘Crp(S) a} y.=.0{RCrp(S)aly.yea (2) 


b ..¥85°101 .#83°23 .#41°11.3 
bs. Hp.D:a(MP B)y.=.(qa).aer.a{R Crp (S)ahy.yeB. 


{(2)] =.(qa)-wer.x{ROrp (S)aly.yeanB. 
[(#84°11.422°5] =.(qa).aer.x{RCrp(S\aly.yeR.a=f. 
[¥19°195] =.Rer.«(RCrp(S)B}y.yeR- 


[Hp.#4-73.(2)] 

F.(1).(8).3F. Prop 

411132. b:r, 8X Cls* excl’. Se 11. Rees‘Crp(8)"7.M=sD‘R.D. 
Mell. TM=sr. SRM. SPA=Mepr 


-2{R«Crp (S)‘B} y (3) 


Dem. 
F .#111°31.*73-:03.+:Hp.>.Melv1. dM =sr (a) 
+.#111318202. Db: Hp.d:er.>.D(MPS)=98.d(MPS)=B. 
[x87-25] >. (MpB)«B = 8B. 
[x37°421-11] >. MAB =SR: 
[e35°7 1.#37°69] D:MePrA=SP. MEA =O (2) 


F.(1). (2). 4+. Prop 


#111321. F:d, SA Cle? excl. Sel 1. ! ex’Crp(S)A.D. 
(aM). Mel 51. 0M a8. SA=MEX.SPN=M PA 
[¥111-32] 
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#111322. +: «,X¢Clstexcl. Sexmr. Re es‘Crp(S)*r. M=sD‘R.D. 
Mexsmmmr.S= Mfr [¥111°32°1. *35-66. #73°03] 
*111:33. +s. Multax.3:Se1—>1.SGsm.«,r.Cls’excl.«=S"A.ACA‘S.D. 
se sm 3 
Dem. 
b.#111:221.5 


bi Sell. SGsm.«,reCls’excl. «= SAX.ACAS.3: 


Ber.Dg.q! Crp (S)B: 
[*88°37] 3: Multax. D.1q ! es‘Crp (Sr. 
[*111°311] 3. seams. D+. Prop 


#11134. +:.Multax.3: 
(qS).Sela1.SGsm.D'S=x«.0°S=r.«,r€ Cle excl. dD. 
(qM).Mel—71.0Masn.n= MEX 

Dem. 
b.#111:25.5 
b:.Sel1.S8Gsm.D‘S=«n.0S=r.4«,re Clstexcl. 3: 


Crp (8)“*A ¢€ Cls ex? excl : 
(#88°32] 3: Multax.3.q !ea‘Crp (S)". 
[xd.11-321] D.(qM). Mel—1.0‘Masnr.e=MEX (2) 


F .(1).#10°11°23.. Comm. 3+. Prop 


The following propositions are concerned with the elementary properties 
of “smsm.” It will be seen that they are closely analogous to those of “sm.” 


e1114  Fixsmsm).=.(q7).Telo1 A Tash. c= TeX. = ol esmsmr 
[wL11-1 . (#111°08)] 

#111401. Fie«smsmd.=.(q7). Tell. srACaT.n=TEX 

Dem. 

F.422-42.%111-4. > bs esmsmr.>.(q7). Tell sraCa2. «= Ter (1) 

b.(1). #11114. 4. Prop 

#111402. F:xsmsmr.=.(q7). Th srelol.sr CAT. n=LEr 
[111-141-121] 

#11143. biesmsmr.2.(qS).Selol.SGsm.DS=«.dS8=r 
(*111°11-111] 

#11144. Fiesmsmdv.d.esmr.sesms  — [#1 1111-4. #73°03] 

#11145. +.Asmsm > [#111:13'4] 

*111-451. Fixesmsmd.=.ArAsmsm« [#111°131-4] 

*111:452. +: 

*111-46. |: 


esmsmA.Asmsmy.2.esmsm yp [¥#111:132°4] 


», Sr. Clstexcl. Sel 1. gq tea‘Crp(S)r. >. SAsmsmr 
[x111-32-4] 
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[PART III 
#11147. bi.esmsm2r. 3D: xe Clstexcl. =. 2X Cle? excl 
Dem. 
F.xl1D4. Di Hp. di(q?).Telw1.0Tasr n= Tr: 
[¥*84°53] D:r¢Cls*excl. >. ee Cls? excl (1) 
F.(1).#111°451. 3b: Hp. 3: e Cle’ excl. 3. Clstexel (2) 
F.(1).(2). 34. Prop 
#1115. bi: Multax.3:.4,r6Cls’excl 3: 
esmsmr.=.(qS). Sell. SCsm.DS=n.0S=r. 
=.qi«smrn Rim [111°34-43°4] 
#11151. +:. Multax.3:«,.¢Cls’excl. qi «sm rn Rifsm. Dd. s‘esms'r 
[w111°5+44] 
#11152. bip,veNC.n,r0ennClv.d.qie5mr a Ri‘sm 
Dem. 
b.*100°5. #731. +: Hp. d.(q8).Seloal.DS=«n.dS=r (1) 
b. 1005. Dh:Hp.diaex.Ber.Dd.asmB (2) 
b.(1).(2). +. Prop 
*111'53. 


Fs. Multax.3:y,veNC.«,repn Clexclv.«smsmr 
(#111-52°5] 


112, THE ARITHMETICAL SUM OF A CLASS OF CLASSES 
Summary of #112. 


In this number, we return to the arithmetical operations. The definition 
of addition in #110 was only applicable to a finite number of summands, 
because the summands had to be enumerated. In the present number, we 
define the arithmetical sum of a class of classes, so that the summands are 
given as the members of a class, and do not require to be enumerated. Hence 
the definition in this number is as applicable to an infinite number of summands 
as to a finite number. 


If « is a class of mutually exclusive classes, the number of s‘« will be the 
sum of the numbers of members of x; «.e. if we write “2 Ne‘x” for the sum of 
the numbers of members of x, 

«eCls? excl. 3. Ne'se = 2ZNetx. 
Bat when the members of « are not mutually exclusive, a term « which is a 
member of two members (say a and @) of « has to be counted twice over in 
obtaining the arithmetical sum of x, whereas in the logical sum a is only 
counted once. Thus we need a construction which shall duplicate 2, taking 
it first as a member of a, and then as a member of @. This is effected if we 
replace « first by «|, and then by «|. In fact, ea has the kind of 
arithmetical properties which we mean to secure when we speak of “a con- 
sidered as a member of a”—a phrase which, as it stands, does not serve our 
purpose, for « is simply « however we may choose to consider it. Thus we 
replace a by | a‘‘a and @ by | A‘ and so on; de. (using *85°5), we replace 
a by eJaand 9 by «J @ and 80 on. These new classes are similar to a and 8 
and so on, and are mutually exclusive. Hence their logical sum has the 
number of terms which is wanted for the arithmetical sum of the members of 
«. Thus we put 
Be=se]% Di 
SNee=NefS%e De 

With regard to the second of these definitions, it is to be observed that 
=Ne‘x is not a function of Ne“‘«, unless no two members of x are similar; for 
Ne“ cannot contain the same number twice over. For the same reason, if X 
is a class of cardinals, and we define “Sum‘A,” we do not get what is wanted 
for arithmetical addition, because our definition will not enable us to deal 
with summations in which there are numbers that are repeated. We could, 
if it were worth while, define “Sum‘,” as follows: Take a class of classes x, 
consisting of one class having each number which is a member of A, 1¢. let x 
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pe a selection from A; then 3*« will have the required number of terms. Je. 
we might put 
Sum‘. =# {(qu). xe Dear .Esm Bx} Df. 
But since this definition is only available for sums in which no number is 
repeated, it is not worth while to introduce it. 
In this number we prove the following propositions among others. 


411215. F:«eClstexcl. 3.8% e ZNe% 
This is an extension of *110°32. 


#11217, -ixsmsma.d.2Ne%«=ENCA. Siesm =A 


The chief point in the above proposition is that it does not require 
«, Ae Cls? excl. 


¥*112:2—'24 are concerned with the use of the multiplicative axiom and 
the propositions of *111 in which it appears as hypothesis. We have 


#11222, bs. Multax.3:q! (ef “«)sm (eA) n Bi'sm. >. ZN‘ = TNor 


whence we derive the proposition 


w11224. bs. Multax.D:p,veNC.«,r¢unClv.d.=Ne% = TNor 


Ie. assuming the multiplicative axiom, two classes which each consist of 
» classes of » terms each have the same number of terms in their sum. This 
number would naturally be defined as » multiplied by », but owing to the 
necessity of the multiplicative axiom in this proposition, we have selected a 
different definition of multiplication (#118) which does not depend upon the 
multiplicative axiom. The reader should observe that the similarity of two 
classes, each of which consists of » mutually exclusive sets of v terms, cannot 
be proved in general without the multiplicative axiom. 

The remaining propositions of this number give properties of = in special 
cases, We prove that &‘A = A (#112°3), that SNo‘i‘a = No“a (#112-321), that 
at B.D. 2Ne(ia vu t'8)=Ne‘a +, NofB (11234), which connects the defini- 
tion of addition in this number with that in *110. Finally we prove the 
general associative law for addition, in the following two forms: 

#11241. Fs AS Sista 


4112-43, Fire Cletexel. 3. Ne STA = Nod" 


¥11201. BeasteT “x Df 

#11202, ENe‘xe=Ne’S%qe Df 

HLIZL FS mate Tite [#20-2 . (4112-01)] 
#112101. +. ENofe = No'Six = Nolste [xe [20-2 4112+1 . (4112-02)] 
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#112102. +. 3e= BR i(qa,a).aex.vea R=xlal 
Dem. 
F856. 401] 11251. 


b.Se=R(quja).aex.pa=lata. Rep} 

[418195] = B (qa) ace. Re ata} 

[455-231] = {(qa,2).aex. cea. R=alaj.dt. Prop 
#112108, FS =s'8 (qa). ace. w= daa} [112°]. *85-6] 
#11211. b:BeXNe%.=.8smse]« [*112:101] 
#11212. b.ste [ee TNekx {*112-11] 
#11213. F:asmsme]‘c.D.s'deZNo% [#111-44.%112°11] 
#11214. Fixe Cls’excl. D.¢]esmsm« 

Dem. 
b.#21:33. 3h: Hp. 7 = Ra {(qa).aee.wea.R=ala}.d: 
aTR.yTR.D.(qa, 8). R=cla.R=y 8. 


[#5531] D.v=y: 

[k71.17] 3: Te1l— Cls Q) 
b. #2133.) 
F:Hp(1).oTR.oTS.3.(qa,8).4,Bex.veanB.R=ala.Saanl. 
[*84°11.Hp] D.(qa,8)-a=B.R=ala.S=alf. 

[¥13195] .R=8: 

[RTLIT1] D+ Le Cls—> 1 (2) 
F.*83131.3:.Hp(1).d:veAV.=.(qR,a).aex.cea.R=ala. 
[*55°12} =.uesn (3) 


b.«87111.3 


bi:Hp.D:.a@exn. 3: Re Tea.=.(qa,8).ceanB.Bex. R=a]@. 


[*84°11.Hp] =.(qa,B).ceanB.Bexn.a=8.R=a] A. 
[#13195] =.(qv).cea.R=alp. 

[*85°601] =. Ree ]ia:. 

[#37-69] Ds, Tee =e [x (4 


F. (1). (2). (8). (4). €111-4. 3+. Prop 
#11215. b:xeClsexcl.D.sfee ZNeo%e [1121411 . 111-44] 
112-151, seJr=Ri(qa,z).aer.cea.R=al a}. Sse TAS EPA 


Dem. 
Fv &40°LL « (485°). D 


b.ste A= R(qa).aer. Rel aa} 


[%38:131] =R(qa,2).aer.cea.R=2ha} ¢)) 
F.(1). #4111. 


b. ase TX = 98 [(qR, a,2).aed.2ea.R=ala.yRB} 
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[413-195.%55°18] = 96 (qa, 2) .aeX.cea.y=r.B=a} 


[¥18-22] =98 (Ber. ye 8} 
[*35°101] =efr (2) 
+. (1).(2). 3+. Prop 


The following proposition is a lemma for *112°153, which is required for 
#11216. *112°16 in turn is used in *112°17, which is a fundamental proposi- 
tion in the theory of addition. 

#112-152. : PTeloCls. 8 CAT.9.(7|| Tee TR=eT (Fp) 

Dem. 

F376 . #85601. 3+. (TIT) T6=R(qy)-ye8.R=(TIT(y 4 )} (1) 
F.(1).*55°61.9 
tr Hp.>. (2 Toe] @=R (ay) -yeR- R=(Ty) | (TéB)} 


(*37:11] = Ri(qy).ye RB. R= (Ty) | (L*B)} 
{*38°131] =) (T8)( TB) 
[*85°601] =e] (78): 3+. Prop 


In the following proposition, we have a double correlator of a sort which 


will frequently occur in cardinal arithmetic, namely 7'|| Tr with its converse 
domain limited, where 7 is a given double correlator (or single correlator, on 
other occasions). As appears from the propositions used in the above proof of 
#*112°152, if 7 is. correlator whose converse domain includes § and has y as 
a member, (Tl 7.)(y | 8) = (Ly) | (78). Thus 7|| 7. is an operation which, 
when operating on suitable relations of individuals to classes (including selec- 
tors), turns the individuals into their correlates and the classes into the classes 
of their members’ correlates. This is why it is a useful relation. 


#112153. Texsmamr.d.(7'| T.) PT sfe [A e(e [%«) 5m om (e JA) 
Dem. 
F .#112°151 14143744. 3+. SD se [A=DeP a). sae [A=TA(epP a). 


[462-4143] Dh. sDisfe [A= sr. 8's TA=ra-UA = (1) 
F .(1).111-1.487-281 Dt: Hp.d.8D"sfe [SA CATs AseJOrCU'T, (2) 
bexLIL1 87129. DtrHp.d. TP sDs'e] rel (3) 
F.#11L-11.(1). Db:Hp.>. Pep stUeste [Rel —>1 (4) 
+ .(2). (3). (4). lara st Dr:Hp.d.(Ti Lh sfeT“rel—1 (3) 
+ .¥4BB02. Dh. sfe JOACA(T| LZ) (6) 
b. #112152. 3b: Hp. 3. (2 Tete Terao Te, 

[#8711] Dd. (Dll Teele Jn=e [TEN 

[#111-1.Hp] elt (1) 


F.(5).(6)«(7). #11114. 3. Prop 
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#11216. FrxsmsmA..e]eamsme [A (#112153. #111-4] 


#11217. Fixsmsma. Dd. INe'e= SND. Sesm SA 
Dem. 
F,#112°16. #11144. 5+: Hp. D. se [eam sfe [OA (1) 
b. (1). #1121101... Prop 


#11218, +. ENo‘Ke = Neve [“« 


Dem. 
b .¥85°61  xLIZ15.. DF. she Tee ENove [x (1) 


b.(1). #11212 . #10034. +. Prop 


1122, Fr Sel 1. D'S se Jie. Sac JA. Gl ea Crp (Sr. 
D.ENe% =INer. Sesm TA 
Dem. 
F. 4111311. *85°61.. D+: Hp. 3. sfe J] esm sfe YX qd) 
F.(1).#1121-101.D+. Prop 


#11221. Fs. Multax.3:(qS).Sel—+1.SCsm.D'Sse] xe. TS=eTr. 
S.e]“esmsme TA [x111'5 .*85'61] 


#11222, b:.Multax. 3: q!(e]%«) Si (e]“A) on Rifsm.d. : 
ENo'e =ENoA [¥112-17-18-21] 


#11223. Fs. Multax.D:x,reCle excl. qiximrn Rim... 
sfx, 8X ZNekx. ZNeo‘n = TNokr 


Dem. 
b.#11215.5h:Hp.«, re Clstexel. 3.8% e ZNee sre ZNO (1) 
b.11151.3+; Hp(1). ql<smid 9 Rism. >. 8% sm sr (2) 
F. (1). (2). 3+. Prop 


#112231. +: Sex dmAn Ri'fsm.D.¢]|S| Cave] e(e] x) sm(e] A) n Rism 
Dem. 
+. #7363 .¥85°601. Db: Sexsmr-D.eJ|S|Cnv'e] e(e]“«)Sm(eT A) (1) 


F. *85°601 . 73:33:34, +:9€sm.D.e]|S|Cnv'e] Gsm (2) 
F.(1).(2). DF: Sexdnivn Ri'sm.D.eJ|S|Cnv‘e] e(e] <x) sm (eA) mn Ri‘sm : 
D+. Prop 


¥112-24. bs. Multax.Dip,veNC.«,ren~nClv.>.2Ne%% = ZNor 
Dem. 
F.#11L52.Dbiy,veNC.«, rena Clv.>.q!xiirn ism, 
[¥112-231] Dig Me] x) sHH(e [) aBlem (1) 
F.(1). #11151. 48561. 
bs. Multax.D:ip,veNC.xreu~aCly.d.s% [eam se [r. 
(#112101) D.2Ne&e=ZNer:. DF. Prop 


R&W It 7 
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41123, be EAs A [487-29 . 44021. 4112-1] 
#112301, . SUSA =A 


Dem. 
#112102. 3+. SA =R ((qa,c).aevA.cea.R=ala 
[51-15] =Ri(qe).ceA.R=21 A} 
[24°15] =A.D. Prop 

#112302, b. E44 = S(e — 0A) 

Dem. 
b #112102. DF. Se= RB (qa, 2). dex. cea. Raa] a} 
[%10°24] =R((qa,2).aec.qia.vea.R=ala} 
[53°52] =R{(qa,«).aex-UA.nea.R=a] aq} 
[*112'102] =3(«—UfA). DF. Prop 


Thus if A is a member of a class of classes, it does not affect the value 
of their arithmetical sum. 


#1123038. Fie nvASA.D.S%ea SAHA 


Dem. 
b.#112:102.3 
bi ReSendr7.=.(qa,8,%y) cen. Ber.vea.yeR. R=aalasyl fh. 
[55-202] 2.(qa,z).aexnr.cea. 
[¥24°5] Diqiear qa) 


F.(1). Transp. +. Prop 
#112304. bs Se=A.=. sea A 
Dem. 
F 41123301 . 458-24. Db ree =A. Dd. SKH=A (1) 
F. #112102. Dkiaex.zea.d.alacdK: 
[10°24.%40°11] Dhiqis«.d.ql sve (2) 
F.(1).(2). +. Prop 
H1231. FS (evr) a Be ula 
Dem. 
F.wl121. 3b. Seu r) ae Te vd) 
[40°32] =sfe Jeu se fn 
[*112:1] =3'euSA.D5. Prop 
#12811. bre d= A.D. ENe(e vd) = ENeve +, ENor 
Dem. 


F, ¥112-303 . #11032. 
F:Hp.3.Neo(Seu ZA) = NolSte +, NeSr 
[#112101] = ENote +, ZNetAr (1) 


F.(1).*112-31.5+. Prop 
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#11232, F.Sa=eqTa 


Dem. 
F.453'31. 1121 DE. Shilo stile Ta 
[*53-02] =eJa.o+.Prop 
#112321. +. SNe‘uca = Nee {#112'32°101 . #85601] 


#11233. F.S(uauitsy=eJavel @ [#1123231] 
#112331, |. S(e UB) = Seve LB [*112'31:32] 


#11234. bia+8.3.2Ne(uaul'B)=Neat, Ne 
Dem. 
b .#51'231 #112311 .> 
Ff: Hp.>d. 2Ne(i'au kB) =2Neot'at, Neus 
[#112321] =Nefa+, Neff: Dt. Prop 
This proposition establishes the agreement of the two definitions of 
addition, namely that in *110 and that in *112. It will be seen that the 
definition of *112 is inapplicable to the addition of a class to itself, if this 
is to give the double of the class, instead of (like logical addition) simply 
reproducing the class. Hence the need of the condition a+ in the above 
proposition. 


#112841. b: Bren. D.ENc(e v UB) = SNeln +, Ne“B 


Dem. 

b.#51-211.3t:Hp. dient B=. 

[¥112°311] D.ENe(« vu U8) = SNe +, ENeU's 
(#112°321] = XNex +, Ne‘B: I+. Prop 


#11235. brat B.aky.A+y.d.ENe(aueBuiy)=Noa+NeB+Ney 
Dem. 
451-281 . 112°311.3 
F:Hp.d. SNe(ulav uk v ty) = TNo('a v UB) +5 2Nellhy 
[*112°34°321] = Neat, Ne‘B +. Ne‘y: 3}. Prop 
Similar propositions can obviously be proved for any finite number of 
summands. 


#1124. br s"x, oe Cls’excl. D. ZNe‘s’e = ZNe‘s"'x 


Dem. 
F.«11215.3b: Hp. >. ENots'« = Nets's%« 
[¥42°1] = Ne‘s‘s“«c 
[*11215] | = INe‘s'*e: D+. Prop 
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#11241. b.sfB*XN= SR 


Dem. 
Fe wl121. Db. SOA = s6sh'e [ON 
[%421] =s's%e TA 
[*40°38] = ste Jie 
[w1121] = 3s... Prop 
#11242, bireCls?excl. 3. 2° Cls* excl 
Dem. 
+. 4112-308. :.A¢Clstexcl. 2B, yed-Bty- Dey SBakiy=A: 
[80°37 .Transp.#*37°63] DipvelA.wty. Dy, wavHA: 
[¥841] 3: 3“Xe Cle’ exel:. +. Prop 


#11243, b:Ar¢Cls?excl. 3. Ne S SA = Nelda 


b.#11215-42. Db: Hp.d. No'SS6. = Nets En 
[w112-41] = NefS's 2 DF. Prop 


The above is the associative law for arithmetical addition. 


#113, ON THE ARITHMETICAL PRODUCT OF TWO CLASSES 
OR OF TWO CARDINALS 


Summary of «113. 


In this number, we give a definition of multiplication which can be 
extended to any finite number of factors, but not to an infinite number of 
factors, We define first the arithmetical class-product of two classes a and 8, 
and thence the product of two cardinals » and vas the number of terms in the 
product of a and 8 when a has p» terms and @ has v terms. In #114, we shall 
give a definition of multiplication which is not restricted to a finite number 
of factors. The advantages of the definition to be given im this number-are, 
that it does not require the factors to be of the same type, and that it enables 
us to multiply a class by itself without (as in logical addition and multiplica- 
tion) simply reproducing the class in question. The disadvantage of the 
definition in this number is the impossibility of extending it to an infinite 
number of factors. 

The arithmetical class-product of two classes a and 8, which we denote by 
8 xa*, is the class of all ordinal couples which take their referent from a and 
their relatum from 8, i.e. it is the class of all such relations as x | y, where 
weaand ye@. For a given y, the class of couples we obtain is | y‘a, which 
is similar to a; and the number of such classes, for varying y, is Ne‘@. Thus 
we have Nc‘@ classes of Ne‘ couples, and @ xa is the logical sum of these 
classes of couples, The class of such classes as | y“‘a, where y¢ @, is important 
again in connection with exponentiation; we have | y“a= at y, whence the 


class of auch classes, when y is varied among the f’s, is a 4 8, and 
Bxa= sa | “B (of. 40-7), 
which we take as the definition of @ x a. 


‘We represent the arithmetical product of w and »v by wx,v. This, as well 
as Ne‘a x, Nc‘, is defined in terms of a x 9 exactly as, in #110, the sum was 
defined in terms of a+. 


The present number contains many propositions which belong to the theory 
of at “B rather than (specially) of @ x a; and many propositions are rather 


logical than arithmetical in their nature, i.e. they might have been given in 
55, The line is, however, so hard to draw that it has seemed better to deal 
simultaneously with all propositions on at “8 or on its sum, which is @ x a. 
Ld 
Thus in the present number, the early propositions, down to «113-118, deal 
mainly with logical properties of at “B and 8 x a; the following propositions, 
2s 


* We define this as Bx @, rather than a x A, for the sake of certain analogies with products in 
Telation-arithmetic. Cf, *166. 
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down to #113°18, deal mainly with arithmetical properties of a 4 “8; the pro- 
positions *113-14—191 are concerned mainly with arithmetical properties of 
Axa; *113'°2—27 deal with the simpler properties of » x, v; *1138'3—~34 give 
propositions involving the multiplicative axiom, and exhibiting the connection 
(assuming this axiom) of addition and multiplication; *113-4—491 are con- 
cerned with various forms of the distributive law; *113-5—-541 deal with the 
associative law of multiplication, and the remaining propositions deal with 
multiplication by 0 or 1 or 2. 

The most important propositions in the present number are the following: 
#113101. F: ReBxa.=.(qa,y).cea.yeB Realy 

This merely embodies the definition of @ x a. 
¥113-105. Fi qia. Jeafell 

This proposition is especially useful in dealing with exponentiation («116). 
#113114. Fna=A.v.B=A:=.8xa=A 

It is in virtue of this proposition that a product of a finite number of factors 
only vanishes when one of its factors vanishes. 
#113-118, F.sD°“(B x a)Ca.sA(BxalCR 

This proposition is chiefly useful in the analogous theory of ordinal products 
(#165, *166), where it enables us to apply *74°773. Unless @= A, we have 
s‘D“(@ x a) =a, and unless a= A, sf0'"(8 x a) = 8 (#113116). 
#11312. Fiqta.d.a 4 “Be NeB aCl excl'Ne‘a 

Ie. unless a is null, a i “8 consists of Nc‘ mutually exclusive classes each 


having Ne‘a members. 
#113127. |: RP yeatiy.SPdeBmms.d. 
(RISE x y)e(@ | A) am Bm (y | 5) 
This is an important proposition, since it gives a double correlator of a 4 2B 
3 
with y L “°§ whenever simple correlators of a with y and of @ with é are given. 


It leads at once to 
#11313. Frasmy.8smd -D-af “Bamsmy | “3 .(8 x a)sm (6 xy) 

This proposition is fundamental in the theory of multiplication, since it 
shows that the number of members of @ x a depends only upon the numbers 
of members of a and @. It is also fundamental in the theory of exponentiation, 
as will appear in *116. 
¥113-141. +. No‘(a x 8) =Ne(8 x a) 

This is the source of the commutative law of multiplication (*113°27). 
¥113-146. Fiat 6.3.0 x @sm ea‘(U'a Vv ek8) 

This connects our present theory of multiplication with the theory of 
selections, 
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We come next to propositions concerning 4 x,v. We have 
#113204. bipeA.VivHA.vin(uveNC):D.pxveA 

The use of this proposition, like that of *110-4, is for avoiding trivial 
exceptions. 

#11323. F.uxiveNC 
#*113-25. +. Ney x, Ne“ = Ne“(y x 8) 

This proposition enables us to infer propositions on products of cardinals 
from propositions on products of classes, and is therefore constantly used. 
#113-27. bp xgu=vxop 

This is the commutative law of cardinal multiplication. 

The chief proposition using the multiplicative axiom is 
4113-31. Fi. Multax. Dip,veNC.cevnCl*.3. Beep Xev 

Je. assuming the multiplicative axiom, the sum of the numbers of members 
in y classes of » terms is ~x,v. If we had taken this sum as defining up x,v, 
almost all propositions on multiplication would have required the multiplica- 
tive axiom. The advantage of a 3} “8 is that, given asm y and #sm 6, we can 
construct a double correlator of a 3} “8 with rt “8, without using the multi- 
plicative axiom. This is proved in *113'127 (mentioned above). 

The distributive law, which is next considered, has various forms. We 
have, to begin with, 

#1134. F.(Buy)xa=(8 x a)u(yxa) 
whence, using also the commutative law, we easily deduce 
#11343, be (Vt9@) Xo MEM Xo (V4, T) = (MW Xo V) +9 (He XB) 

But the distributive law also holds when, instead of enumerated summands 
8, y or », », the summands are given as the members of a class x, which may 
be infinite. We have 
#113-48. +. sfa x “esa x of = Cav“{(s*x) x a} 
whence, using the definitions of #112, we find 
¥113-491. bse Clstexcl . >. ENefa x= Ne“(a x Ee) = Ne‘ax, 2Ne« 

This is an extension of the distributive law to the case where the number 
of summands may be infinite. 

The associative law 
#11354. A (u x,y) x, = Xo (v X_ ) 
is proved without any difficulty. 

We prove next that ~ x,v=0 when, and only when, »=0 or v=9, p, v 
being existent cardinals (*113°602); that a cardinal is unchanged when it 
is multiplied by 1 (*118°62°621); that wu x,2=p+,y (#11366) and that 
fe Xo (VU te 1) = (pw Xo ¥) Hoe (#113671). 
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#11302. Bxa= stat “B Df 


#11308. wx,v=F [(qa, @).p=Nefa.v=Neie.tsm(axf)} Df 
#11304. Ne‘@x,n=Ne8x,n Df 
«11305. px,Ne‘a=px,Nieta Df 

In relation to types, *113:03:04'05 call for similar remarks to those made 
in *110 for addition, 


W111 b.Bxanstal “B [(#118-02)] 
e 
#113101, b: Re@xa.=.(qz,y)cea.yeRB.R=aly [#40°7. #1131] 
#113102. FiryeB.D.aby=(@f Atty 
Dem. |+.*35°108.3:. Hp.D:x2(aft P)y.=.vea: 


(*85°51] Di(at Aaty= ya 

[(«38°08)] =a 4 yi Db. Prop 
¥113108. Fa “B= (aT Ast =(a TB) [8 [113102 . ¥85'52] 
w119104. FH ad ¥y [¥38°12] 

7 
#113°105. rigta.d.alel—l 
Dem. 

b. #113104. #71166. +.afe1— Cls Ql) 
+ .*88°181.D4: at ‘yaa ‘@.mea. Deehlyeal “ee 
[*38°131] D.(qv).veaaly=a |e. 
[*55-202] D.y=2 (2) 
F. (2) .*10°11-23°35. DF iqta.al yqal‘e.d.y=z (8) 


F.(1).(8). #7154. DE. Prop 


#113106. Fiwea.yeB.dD.aflyeRxa [113-101] 

#113-107, Fiqla.q!i@.d.qifPxa [#113-106] 

HLIZIL Fiqta.>. a | “BeNeBr(y)-al yeNeva 

Dem. +. #118-105°'104.473-26.Dbiqta.d. ale sm 8 Q) 

#382. %73-611 « Dr.alysma (2) 
F.(1).(2). 2+. Prop 

#LIZ111. +. at “BeCls? excl [*118°103 . #85°55] 

#113°112. + 


Fa=A.GIB.D.al “B=Utn 
7 
Dem. F-43983. 3b: Hp.d.af “B= Al(qy)-yeB.u=ly“A} 


[37:29] =Al(qy)-yeRsn=A} 
(Hp] =U 
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#113118. Fi B=A.D.alL “BHA [*37-29] 

a) 
#113114 Fia=A.v.B=Ars.@xa=A  [41131112113-107 . 53-24] 


#IBLL. F848 xa)=at 8 


Dem. 
F.*118°101 . #4111 .3 


Fru{s(@ xa)u.2.(qh,a,y)-vea-ye8.R=aly.uRv. 


[#18°195.455°13] =. (qa,y).vea.yeR.u=a.v=y. 
[*13-22]} =.uea.vef. 
[*35°103] =.u(atf)v: Ib. Prop 


#113116. FiqiP.d.08D(Bxa)=arqla.d.sA(Bxa=6 
[#113°115 . %41°43°44 . 435°85°86] 


RLIBTLT. Frea=A.v.B=A:3.8DM(Bxa=A.sI(8 xa=A 
[#119115 . 41-43-44. ¥35°88] 


#113118. F. DB x a) Ca. 818 xa) CB [#113116117] 
#11312. Figqta.d. at “BeNe'Bn Clexcl‘Nefa [*113-11111] 
#113121, +. Sa L “BsmBxa (#112°15 . #1131111] 
4113122, F: Rhy, SPdeCls1 .y CUR. 8CAS.D.(RI|S)M3 Xx) e191 
(#74°778 113-118] 

#113123. : Rh y,ShSel—+Cls.yCA‘R.SCAS.zey.web. >. 

(BIS) (zw) = (BR) | (Sw) [#5561] 
#118124 F: Ry, SPSelaCls. yCAR.SCAS.wed.d. 

(RIS) | w= (Rey) | (Sw) 


Dem. 
F . #113°128 . 438-131. Hp. >. (RIS) | wy = | (Sw) RY. 
[%38°2] D.(R|S ey w=(Riy) | (S‘w): D+. Prop 


#113125. F: BE y, SP 8e1— Cls.y CUR. 8CAS. >. 
(R| Spetry | 3 = (Rey) | 088). [118-124] 


#113126, Fs Hp ¥113-125 . >. (R I] S)“(3 x y) = (98) x (Ry) 
Dem. 
b¥113°1. 40°38. Dh. (RI) 8)(8 x y) =8(R ll Sy yn a 


b. (1). #113125. Dk: Hp. d. (RI S)(8 x 7) =9( Ry) 4“) 
[113-1] ? = (83) x (Ry) DF. Prop 
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#113°127. 


#113128. 


#11313. 


#11314, 
¥113-141. 


#113°142. 
Dem. 


#113'143. 
Dem. 


#113-144. 


Dem. 
b .*21°33 
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Fk: RE yeaimy.SfPseRsms.>. 
(RUS) Ex ye (at <9) om Bm (y | 8) 
[#1 18°122°125 . #43°302 . #73°142 . #111°14] 
bt: Hp #113-127.. (RI S)P (8x7) €(8 x a) 8m (3x4). 

(R]| Sehr f “Bye Ca 8) Si (ry L 8) [4118-127 . #11115] 
Frasmy.#sms..a) “Bsmsmy { “S. (8 xa)sm (6 xy) 
[#113127 . 111-444. #1131] 
beaxB=Cnv(8xa) — [#113°101 55°14] 
bk. Ne{(ax P)=Ne(@ xa) [#113'14.*73°4] 

Fig if. Dd. DP xa=targla.d.1(B xa=1"B 


F .#55°261 #202. DhryeB. I. Dal yatta 
wy 


[*37°63] Dr: ye Dita f BiDdD.y=ia qd) 
F.#B7-45 « Dhrgif#.d.q Dial “gp (2) 
b.(1).(2). e514. Digi f.d. Dia [B= vue. 
[40°38.%53-02] >. Dis'a | “PB aua (3) 
F.*55°251. Dhigia.d.Galyaury, 

[#87355] 3. dal B=ue. 
[40°38.453-22] >. Osta i" “p= (4) 


F.(8). (4). #1131. F . Prop 


biat@.P=aly.R=e2lavy ]f.>. 
P=(Ra) | (RB). R=DP FT iavd'P Fie 


+ .#5562.+:Hp.d.Ra=c.RB=y. 


[x3019.41915] >. P=(Rfa) | (RZ) (1) 
b.45515.Dh:Hp.d.D'Pat'e. UP avy, 
[x55°1] >. R=DPtiavGP pip (2) 


fF. (1). (2). D4. Prop 


trat8.T=PR(qa,y).cca.yeR-P=xly.R=alavy {8}. 
2.Tel—1. D'T=6 xa. T=en(tav 8) 


»DF:.Hp.d: 


PTR.QTR.3.(q2,y,2,w).a,zea.y wes. P=rly.Qazlw. 


R=clavy|B=zlavwlf. 
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[#118143] >. P= (Ria) | (RB). Q= (Ria) | (RR). 
[¥18172] >.P=Q Q) 
F,*2133.3+:.Hp.3:P7Q.PTR.D. 
(A, ¥,2,W). 0, 2ea.y,weRh.P=aly=w)z.Qaaclavy|8.R=zlauw] 8. 
[#113:143]3.Q=D‘Pfivaud'Ptve.R=DP ft aud P tie, 
[¥13°172] D.Q=R (2) 
.48313.3-:Hp.>. 
D‘T=P(qR,2,y).vea.yeB-P=2ly.R=alavy|p} 
[a11-55.41319] =B{(qo,y).cea.yeB.P=cly} 
[#118101] =Rxa (3) 
+. #33°1381.>F:Hp.3. 
OT=R(qP,«,y).cca.yeR-P=aly.R=alavy 8} 

[#11-55.413°19] =Riqa,y).cea.yeh.R=a2lavy |p} 
[80-9] = ea(U'au UB) (4) 
F.(1). (2). (3). (4). DE. Prop 

Note to #113-144, In virtue of #113143 and *55°61 we have 

b:, Hp#l13144.3:PTR.=. Rees‘(t'av cB). P=(Rii Ry(a} B). 

At a later stage (in *150) we shall put 

RtS=(R||RYS De 
Thus we shall have, anticipating this notation, 
b:Hp#l13144.>.7=(t(a] B)} Peat(tfav eA). 
Hence we have 


Frat Bid. [ta bP) pea(t'av eB) (8 x a) smea‘(ta v LB). 
#113145. Frat B.D. 8 xasmes(taveB) [*113:144] 
“#113146, Fiat. D.ax Bsmea(iavess) [*119141145] 


#113147. b: Hp *113144. 8 xa=yp.>. 
T= PR{Pep.R=D'PtveD “pod Pt sp} 


Dem. 
F.#*113-114. Transp. 3+: Hp.Pep.d.qla.qif. 
[#113°142.%53-22] D.a=sD py. B= 9p Q) 
F. 113-101-143. 3h: Hp. Pey.d:PTR.=.R=D‘Ph aud Pte (2) 
b. #113144. Dt:Hp.PTR.D.Pep (3) 


F. (1). (2). (3). #113101. +. Prop 


The advantage of this proposition is that it exhibits the correlator of 8 x a 
and e4“(t‘a u L{8) as a function of 8 xa. 
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#113148. Fran BeA.d.Ch(ax Pyelal 
Dem. 
b. #113101. #5515 .3 
ti Hp.3:RSeaxp.COR=CS.=. 
(q2,2',y,y).2, 0 ca.yyeR Ra=ylaSay¥ la acu iysue vty’. 
[*54'6] >.(qa.e yy) adeayyeR R=ylaSay |e .c=e yay’. 
[¥13-22172] >.R=S Qa) 
F.(1).*71°55. 3+. Prop 


w11315. +. OM (ax B)= 08 x a) =F [(qa,y).wea.yeR-E=Uavury} 
Dem. 
#1131. #098. 31. 04(8 x a) = s'Oa | “8 


[40-4] =Fi(qy).yeR. £eO%ad y} 

[55°27 438-2] =F ((qa,y).weayeR-E=Uavey} (1) 
t aye. DF. Ca x B)=E ((qa,y)-vea.yeR. E=tfeuuty} (2) 
F.(1).(2). 34. Prop 


#118151. Fiat B.3.0(ax B)=Des(efav eB) [#11315 . 80°92] 
#113152. FianB=A.D.C“(ax 8)sm(a x 8). D esta v ef) sm (a x ) 
Dem. 


b.*8441'62. 3+: Hp.at8.>.Dea(ta v oP) 5m en4(U'a v UB) qd) 
F. (1) 113146151. > 
b:Hp.atf.d.C“(ax B)sm (a x P). D‘ea(u'a v 168) sm (a x f) (2) 


+ .*2438.D':Hp.a=8.d,.a=A.RB=A. 
[e113°114.483°11.%37-29] Diax P= A. Dieg"(ufa veBy=A.CM(ax =A. 
[*73°47] 2.C0*(ax B)sm (ax 8).D“ea(tfave'B)sm(axB) (3) 
F.(2).(8). +. Prop 

The following proposition is only significant when 2 and y are classes of 
relations. It is used in relation-arithmetic (#172°34). 
¥113-153, FSA AS=A.LD.8/C HA Xpe (sup) sm (A Xp). su psmdr x pb 

” 

Dem. 
b. #5515 2453813. 3F:R=TLS.3.s8CR=S0T (1) 
F.(1).#113-101.3 
bi R, Rerxp.sOR=SCOR’.D. 

(aS,8',7,T').8,5’eX.7, Ten. R=T|S.R=T' 18’. SvT=8' oT’ (2) 
(2). 25°48 . 4113.3 

bi Hp.d: BR, Rerxp.sOR=KCR .D.R=R (3) 
b.(1).#11S101. DF. O(N x p) = ((qS,T). Ser. Pep. M=SuT 
[*40°7] = oy y “un (4) 
3 

+ .(8). (4). #7825. +. Prop 
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#11316. Frtfa=t8.9.Ne(ax B)= 
F (ay, 8) «ye Nefa. 8 NofB yn d= A. Eom Di en4(ihy vu 1'8)} 


Dem. 
b. #113152. Db iu yeNeadeNeB.ynS=A.9: 
Eom Déeg"(u'y v 8). =. Esm(y x 8). 
[4#113°13.*104°101] =.&sm(ax ). 
[*100°31] =.&eNef(axf) (1) 


b. (1). #532. #1111341 .5 
3. (qy, 8). ye Nicfa de NB. yn d=A.Esm Deg (ify vi'6). =: 
(Hy, 8). ye Nica. Se NSB. ynd=A. Fe Ne(ax 8): 
[#1145] =1(qy,8)-yeNicta.deNieB.ynd=ArEeNe(ax PB) (2) 
b .(2).#10443... F. Prop 
#11317, F.B x aett (at 8) 
Dem. 
b.#LISII5. #4513. ReBxa.d.RGaf Bs. 
[64201] >. Ret(at 8) rap) 
F. (1). #635. 95. Prop 
#LIZL7L Fran B=A.d.q1Ne(ta)(ax f) 
Dem. 
b.#113°159°15. DFsHp.d.£((qa,y) wea.yeR. F=uevre'y} eNe(axP) (1) 
b.x5116. Dhivea.yeR.E=tavily.d.wea.vek. 


[63°13] D.£eta (2) 
F.(2).#1111°35 

F -Pf(qa,y).cea.yeR.Fatnuly} Ctla. 
[%63°5] DF. 2 (qa, y) wea. yeRi.E=tav ity etta (3) 
F.(1). (8). DF: Hp.d. qt Ne(ax B)n ttfa (4) 
+. (4). «1026. 3+. Prop 


Note that the hypothesis aa 8 = A is only significant when a and 8 are of 
the same type. 


#113172. Fir aet* B.D. q I Ne (ta) (a x A) 
Dem. 
F. #11316. DtiHp. diye Nea. SeNcB.yndb=A.d. 
Dé‘ea'(tly v U5) e Nef(ax 8) (1) 
F.(1).*10443.95t:Hp.>. 
(ary, 8) «ye Ncfa. Se N'e°B . Deg (thy v tS) e Ne“(ax B) (2) 
F.#l041. Shige Neia. Dd. yet a. 


[*63°61°621] Ditty ud eta, 
[*83°81] Dd. Di eqgh(thy v tS) ta (3) 
F.(2).(8). DF: Hp.3.q! Ne‘(a x 8) n tte (4) 


+. (4) .#102°6. > +. Prop 
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#11318. bi qla.q!~.ax Baa xf’.D.a=q B=" 
Dem. 
F.#113114.5+:Hp.d.qia’ xp’. 


[¥113-114] D>.qla’.qis’ (1) 
b.*80°37. 0 Dh: Hp.d.s“(a x @)=s'A"(a’ xB’). 
[#113°142,(1)] D. suas sia’. 

[*53-22] D.a=a (2) 
Similarly b:Hp.>.8=8" (3) 


F.(2).(3). D+. Prop 


HLISISL biqla.qtad.axB=axP'.d.8=— 
Dem. 
b.x1S172. DF: B=A.f' =A.>.B=f (1) 
+. #11318.3+:Hp.n(G=A.Q'=A).9.8 =f" (2) 
F.(1).(2). 34. Prop 


#113182. Fi: qi B.qif’.axB=a'x pf’. d.a=a' 
[Proof as in *113°181] 


#113183. Fi qia.q!@.3. F(a x B)=s'C“(ax B)=avB 


Dem. 
b. #4057. Dk. sO (ax B)=s'D“(a x RB) s'U(ax 8) (1) 


b.440'56. Dh. F(a x 8) =s'C%(a x B) (2) 
F.#113'142.5F:Hp.3.s'Q(a x 8) =a 
[#53-22] =a (8) 
+ .#113°142.3':Hp.d.8D"(ax B)=st"B 
[53-22] = (4 


+ .(3).(4). Dk: Hp.d.sD (ax RB) vs'1(ax B)=avZ® (5) 
+.(1).(2).(5). DF. Prop 


#11319. Figi(axBya(yxd).=.qlany.qiend 
Dem. 
b.«113101. Fag i(ax B)a(yxd).=: 
(qa, y,2,w).vea.yeR.zey.wed.rly=wlz: 
[*55°202) = : (qa,y,2,w).cea.yeB.zey.wed.vaz.y=w? 
[¥13-22] =:(qa,y).weany.yeBnd:. D+. Prop 


#113191. Fegta.digtal “Baal “y.s.q! Bay 
” 
Dem. , 
F-43876. 2Figlal “Baal “y.=.(qy,2)-yeB-ceyalymal ez (1) 
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b. 113°105 27157. DF Hp.Drafy-ales.y=ar 

[ay] Diglaf“Baaly.=.(qyz).yeB.zey-y=e- 

[*13°195] =.qlan8:.Db. Prop 

¥M132. Fi Fepx,v. 5. (qa, 8). p=Nea.v=Ne'P. Fsm (ax 8) 
[(#113°03)] 


#113-201. Fi. Feu xiv. =ty,veNC:(qaP).aeu.fev.&sm (ax P) 
[x113-2 . #103-27] 


4113-202. Fi. Few xv sr qlw.qiv: (gy, 8). = Ney.v=NeS.Esm(yx8) 
Dem. 
F. #113201. *100°4.) 
ks. Few x,v.=:(qa,f,¥,8). p= Ne'y.v=NeS.aeu.Rev.&sm (ax). 
[*100'31] :(q4,8,7,8)- = Ne‘y.v=NeS.asmy.8sm6é.&sm(a x f). 
(#113°13 73°37] = : (qa,B,y,8) w= Ney.v = NeS.asm y. Bsmd.£sm (yx). 
[#10031] 1 (qa,8,7,8). p= Ney. v=NeS.aeu. Bev. &sm(yx8d). 
[*10°35] ralp.qiv:(qy, 5). = Ney. v=NeS. &sm (yx 8) 
D+. Prop 
¥#113-203. Fi: qipxgv-D.pveNC—t'A.pveN.C (#113-201-202°2] 


#113:204. Fi. w= A.viv=A.vin(yveNC):D.x,veA [*113:203] 


Wom om om ol 


#118-205, Fie(uveNC).D.pxgved [¥113-203] 


#11321, FiveNC.3:&eux,v.=.(qa,8).aen.Rev.&sm (ax B) 
[¥113-201} 


#113-22. +: Be Ne (y)*y x, Ne(¢)'5.=.q! Ne(y)*y. qi Ne (£)'6.Esm (yx 8) 
Dem. 
b #11921. 100-41. Db: Ee Ne (9) xp Ne (28. =. 
(ga, 8). ae Ne(n)*y. Be Ne (S'S. Esm (ax 8). 
» (qa, 8) ae Ne(n)y.BeNe({)'S.asmy.Bsmd.Fsm(ax A). 
+ (qa, 8). aeNe(n)*y.BeNc(f)'5.asmy.Bsm6. Fsm(y x). 
+ (q4, B).ae No (q)*y» Be No(f)'3. Esm (yx 8). 
«Gt Ne(y)'y.q i Ne(o)d. Esm(y x 6): DF. Prop 
¥113-221. Fig ! Ne ()*y.q! Ne(o)5. D>. Ne (n)*y x, Ne(£)°S = Ne“(y x 8) 
[*113-22] 
113-222, b . Nyoty x, Nyc‘8 = Ne‘(y x 8) 
Dem. 
F 2108113... Nyefy = Ne (y)*y . NooS = No (8/8. TI Nc'y. qt Nec. 
[4113-221] DE.N chy x, N,chS = Ne(y x 8). DF. Prop : 


[*102°6] 
(#113°18.%73°37] 
[*102°6] 
[¥10°35] 


Wom mom 
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411323. bk. px veNC 


Dem. 
F #113222 .*100-41. 3h p,veN,C.3.nx, veNC qd) 
F .#113'205 . #10274. Dk i~(u,veN,C).D. 4x ,veNC (2) 
F.(1).(2). D+. Prop 


#11324, +. Noy x, Nc‘S = Nicfy x, NiofS [(#118:04-05)] 
#11325, +. Ne‘y x, No‘S = Ne“(y x 8) [#113-24-229] 

This proposition constitutes part of the reason for our definitions. It is 
obvious that such definitions ought, if possible, to be chosen as will yield this 
proposition. 

#113-251, big x Se Nofy x, Ned [#11325 . #1003] 
#113-26. Fiu,veNC.qism,“u.qismsv.>.px,7=sm,“p x, sme 


Dem. 
+ .*37°29. Transp. DF: Hp.d.qipeqiv. 
[%102°64] D>. (qa, Byy,8).p=Ne(a)'y.v=Ne(B)'S (1) 


F. #10288. DK: 4 =Ne(a)iy.v=Ne(9)S.qism, “uy lsmev. >. 
sm,“ = Ne (n)*y . sme“'v = Ne (6)S. gE Ne (n)y. TI Ne (g)6. 
[113-221] >. sm,““p x_ smg“*y = Ne“(y x 8) (2) 
+ .*37-29.. Transp . #113°221.5 
Fi p= Ne(a)'y.v=Ne(8)8.q!sm,“u. qismev. Dd. x,v=Ne(yxd) (3) 
F.(2).(8).3 Ft w=Ne(a)'y.v=No(8)8. qi sm,“p.q tem“. Dd. 
BX ov=sm,“ux,sme“v (4) 
F.(4).#11-11-35-45 . (1). . Prop 
¥113-261. Fi p,ve NC. D6 x,v= pw xgu" = pi) Xp Yio = ete. 

Here “ ete.” includes all ascending derivatives of x. We shall only prove 
the result for u” and v%, since it is proved in just the same way for the other 
cases. "x, v or pw xg or etc. will serve equally well; ze, it is not 
necessary to take the same derivative of as of v. 


Dem. 
b . #104-264'265 . > 
t:Hp.gqitpeqiv.d.4%=sm,“p. v9 =sm,“e. qin? .ghy®. 
[113-26] Di pxev= pe x, v” qa) 
b . *104°264 . #113-204. 5 
his(q tw. giv). Depxgve Asp xv =A 2) 


F.(1)-(2). +. Prop 
As appears in the above proof, if »! and v/ are any derivatives of » and », 
the above proposition holds provided we have 
Glw.gqiv.d.qivi.giv. 
Thus it holds for all ascending derivatives, but not always for descending 
derivatives. 
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¥113-27. b.px,v=vxXop 


Dem. 
b.*113-2141.3 
bs Eewx,v.=. (qa, 8). w= Nea. v=NeR.fsm(8 xa). 
[#113°2] =.£evx,u: Db. Prop 


Note that this proposition is not confined to the case in which p and p are 
cardinals, When either or both are not cardinals, 


BXgv=A=V Xap. 
#1133. + :. Multax.D:«e Ne“@n Cl*Ne‘a. D. See Ne“a x, Nese 
Dem. 
b. 11224. #113-12.5 
bs. Multax.qta.D:«eeNe‘BnCl'Nea.>d. Des Sa} “B, 


[#113121] D.E%esm Bxa. 

[*113-141:25] >. BK e Nea x, Ne‘B qd) 
b.#113-11425. Db:a=A.3.Ne‘ax, Nef B=0 (2) 
b.xl0L14. 3b s.a=A. we NefBn CINea. Di Ke CUA: 

[#60°362] Die=UA.vsn=At 
[#1123301] Dla A (3) 


F. (2) .(8) #54102. Dk :a= A. eeNe'@n Cl*Nefa.d. SeeNefax, Nee (4) 
b.(1). (4). 3+. Prop 
#11331. +:.Multax.Jip,veNC. cern Cl.d. Seep xgv [#118'3] 
#11332. |+:.Multax.Dip,veNC.nevnClexcl'p.d. seep Xv 
(#11215 . ¥113°31-23] 
#11333. bs. Multax.3:y,veNC.cevaClp.r.eun Clv.2. 
ENe'e ==ENoArA= xv [¥*113°3127-23] 
*113-34. +:.Multax.:y,veNC. «evn Clexclp.r.¢unClexclv.. 
, Ne‘ste=Ne‘s'n = x_y [#1188227] 
The above propositions give the connection of addition and multiplication. 
The following propositions are concerned with various forms of the dis- 


tributive law. 


#1134. F.(Buy)xa=(8 xa) u(y xa) 


b.xl131 Db. (Buy) xa=seal “(8 y) 
[#4031] asta “Bu stal My 
[#113-1] =(8 xa)u(yxa).3+. Prop 
#119401. br Aay=A.d.(8xa)n(yxa)=A [¥113-19. Transp} 
R&W IL 8 
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¥113-41. +. Ne(8+¥) x,Nea=Ne{(8+y) x a} = Ne{(8 x a) +(y x a)} 
= Ne(8 x a) +, Ne“(y x a) 
Dem. 
F.¥11325.41103. DEL No(8 +7) x. Nefa=Ne'l(@ +4) xa}- 
Ne‘{(8 x a) +(yxa)}=Ne(6 xa)t+,Ne(y xa) (1) 
b.aLIBA.(KIIOOL). Dh.(B+y) xa=(] AUB xayu(Ag | “eyxa) (2) 
F.kIIS1S. #11012. Dh. L AMP xasmPxa.Ag | “uyxasmyxa (3) 


Fe. #113401. 411011. Dh. | AMUKBxa)n (Ag ] “iy xa=A (4) 
b.#110152.(2).(3).(4). Db. (B+ y) x asm {(8 x a) + (y x a)} (5) 
F.(1).(5). 34. Prop 


#11342. | .(Nc'8 +, Ne“y) x, Ne“a = Ne(B+y) x, Ne“a 
=(Nef8 x, Ne‘a) +, (Ne“y x, Ne‘a) 
(#110°3 . #113°25 . 4113-41] 
4113421. +. Ne‘a x, (Ne‘8 +, Ne“y) = Ne‘a x, Ne(8 + y) 
= (Nea x, Ne“8) +,(Ne‘a x, Nefy) [#1134227] 
#11343, b. (ot. H) Xo p= pM Xo (PV te) = (w XeP) +e (MU Xo) 
Dem. 
b .#113:27-421 . Ft y,y,o2eNC. 3. (94,0) X,p=p X_(V +, B) 


=(# Xeh)+o(uxee) (1) 
b.. #113204. #110°4. 3 


bin(ujy,aeNC).3.(vt a) x peA.px (vt .a)=A. 
(» Xev) te(MXe B= A (2) 

F.(1).(2). +. Prop 

The following propositions are concerned with various forms of the distri- 
butive law, when the summands are not enumerated, but given as the members 
of a class. 

The first of them (*113'44) gives the distributive law with regard to arith- 
metical class-multiplication and logical addition of classes. 


#11344. |. (s'e) xa=s (x a)“ 


Dem. 
b.lIS1. Ob. 8x a) = stofa | Ke 
eed 
[#42°1] =s's'a | Ke 
[#40°38]} = sta | she 
a3 
(*113°1] =(s'e) xa. D+. Prop 
#11345. bse Clstexcl.. x ake e Cls? excl 
Dem. 
F.e#l1B19. DhkigqixaBaxaty.d.qiBay (ed) 
b.(1). 8411.5: Hp.d:B, yeu. Gixaen xaty. 2p, B=y- 
[430°37] Dey. xX aB=xaty: 
[#37-63] Dipoexae.qipac. dy opao (2) 


b.(2).#8411.5+. Prop 
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#11346. bie Clstexel. >. 2*x afesm (Six) Xa 


Dem. 
b.xll215. Db:Hp.d. Beams. 
{*113-13] D>. (25x) x asm (sfx) x a (dy) 
bh. #LI 215 4113-45. 5b: Hp. d. 2fx affe am atx afc (2) 


b. (1). (2). 4113-44. 3+. Prop 


#11347, b:e¢Cls*excl. >. SNe‘ a = Not {(E'«) x a} = ZNe‘e x, Ne“ 
[113-46] 


This is the distributive law for arithmetical multiplication and arithmetical 
addition of the kind defined in #112. 


#11348, |. sfax“ema x se = Cnv{(s*x) x a} 


Dem. 
bk. #11814. Db. sfax“«=s'Cnv''x ac 
[+40°38] = Onv‘‘s'x af‘ 
[#113-44] = Cnv‘{(s‘«) x a} (1) 
fx113°14] =axsx (2) 
f.(1).(2).5+. Prop 

#11349. bs ee Clstexcl. 3. fa x“ «sma x (Bx) 

Dem. 

b. #11314. Db. a xe = Oni’ x afc (1) 


by (1). #L1B45 . #7211. 48453. 
biHp.d.ax ‘ee Cle excl. 

[¥112°15] D. fa x“esm sa xe « 

[113-48] Dd. Sfa x“esm a x (s°x). 

[4112°15.*113'13] D. Sa x“eama x (2x): Db. Prop 
¥113-491, +s «e COls?excl. >. ENo‘a xe = Nef(a x Ex) = Ne“a x, SNe‘ 

[#113-49'25] 

The following propositions are concerned with the associative law for 

arithmetical multiplication. 


#1135. ba(yx @)xa=Ri(qu,y,2).vea.yeh.sey. R=eal(y)s)} 
Dem. 
+. 113101. 
b.(yx 8) xa=R (qo, P).wea.Pe(yxf).R=a| P} 
[*113°101)} =Ri(quy,2).cea.yeR.zey R=2\ ya}. I+. Prop 
#11351. +. (ax 8)xysmax(8x¥) 
Dem. 
b.¥113141.Db.ax(8xy)sm(Bxy)xa qd) 
b,«113°5. Dh.(ax B)x y= RK ((qa,y,2) cea.yes-zey.R=z{(y}a)}. 


(Bx) xa=P ((qu,y,2)-wea.yeB.zey.P=a}(2ly)} (2) 
8-2 
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(2). Db: T= RB ((qa,y,2) wea. yeB.c0ey. R=z4(y2).P=0h(y}2}-9- 
D'T=(ax B)xy.AT=(8 xy) xa (3) 
+. #2133. ':Hp(3). RTP. RTQ.> 
(qe, 2,4, y, 2,2"). 0,0 cay, y eBz,2ey Razliyla=arely 2). 
PHalely.@=cle ly). 


[#55:202]).P=Q (4) 
Similarly :Hp(3). RTP. QTP.>.R=Q (5) 
F.(8).(4).(5). DE. (ax B)xysm (8 xy) xa (6) 


F.(1).(6). 3+. Prop 

#113511. ax Bxy=(ax B)xy Df 

#11352. +. (Ne‘a x, Ne‘8) x, Nefy=Ne(ax Bx) [#113°25] 
#11353, +. (Ne‘a x, Ne‘B) x, Ne“y = Ne‘a x, (Ne x, Ne‘y) 


Dem 
+. #1135251. 3 
bt .(Nefa x, Ne‘B) x, Ne“y = Ne‘{a x (8 x y)} 
[113-25] = Ne‘ax,(Ne‘8 x, Ne‘y). D+. Prop 
#113531. +. (Nyo'a x, Nyo*8) x, Nye“y = Noefa x, (N.cB x, Nic*y) 
[113-53 . (113-04-05)] 
#11354 FA. (ux, v) x, eo =p, (V X_@) 
Dem. 
b . #113531 .*103°2.5 
FippoeN,C.3.(u xv) Xp =p X_(v Xo) (@9) 
+. #118-204.3 
bin(uy,o ENC). 3. (ux—r)Xeo=AupxX(VXea=H=A (2) 
+.(1).(2). 9+. Prop 


#113541. wx,vx,c=(u4X,r)xX a Df 
*113°6. +. Ne‘ax,0=0 


Dem. 
F.#113°25.#101'1. 3+. Ne‘a x, 0 = Ne“(a x A) 
f4113°114.%101°1] =0.39+. Prop 

#113601. bi we NC—U' A.D. x, 0=0 

Dem. 
F.*103-26. 2+: Hp. >. (qa). w= Ncta q) 
F 4101-11-13. #10327. D+.0=NyctA (2) 
F.(1).(2). 3b: Hp. >. (qa). x.0=Nyeta x, NyofA 
[¥113-229] = Ne‘(ax A) 


[#113°114.4101°1] =0:3+. Prop 
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#113602. bi. ux,.v=0.2:p,veNC—t'Aip=a0.v.v=0 


Dem. 


+ ..#113°203 . ¥101-12.5 
br pxgv=0.d.pveNC—iA 


F.(1). 


#113201 ..3 


bizwxov=0.9:. £0. =¢: (qa, 8).aen. Bev. &sm(ax 8): 


[54-102] 


[#10-1.4#13'15] 3s. (qa, B).aew.Bev.Asm(ax B): 
[#73°47] 3:.(qa,8).aep.Bev.ax B=An 
(#113114] Di(qa,B):aep.-Bevia=A.v.B=A3i 
[#13195] Di AeweviAevi. 

[(1).#100-45] Di. p=Ne‘A.v.v=Ne'A:. 

[#1011] Dip=O0.v.r=0 


b. 411360127. Dbi.p,veNC—tAip=0.v.p=0:9. 4x, v=0 


b.4113-204. Db2psA.d.px lod 


[#37'29] =sm“p 
+.#108°26. DhiHp.aep.d p=Noa. 
[(#113-04)] D.pxgl=Ne‘axgl 
[*113-62) =Ne‘a 
[*103°4.(2)] =sm“‘p 


b. (2). 41011-2335. D+: Hp. giv. I.pxl=sm“p 
F.(1).(4). 34. Prop 


D1 F=A.S::(qa,8).aep.Rev.E&sm(ax Qf): 


7 


(1) 


(2) 
(3) 


F.(2).(8).3+. Prop 
The following propositions are concerned with multiplication by a unit class 
or by 1 or 2. 
#11361. b.ufexa=| 2a 
Dem. 
b.xlIS1L.Ob.ufexa= sta} 1% 
[453'31-02] =al's 
[*38°2] = 2a. 3+. Prop 
© #113611. b.ifexasma [#11361 .#73°611] 
#113612. b.axeesma [*113611-141] 
#11362. +.Ne‘ax,1=Ne‘a 
Dem. 
f.*1012.5+. Ne‘ax,1=No‘ax, Ne‘ 
[#113-25] = Ne“(a x tz) 
[{#113°612]} =Ne‘a.3+. Prop 
#113621. b:peNC.3.yx,l=sm“e 
Dem. 


Q) 
(2) 


(3) 
AC) 
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Observe that if » is a typically definite cardinal, sm‘, is the “same” 
cardinal rendered typically ambiguous; while if w is typically ambiguous, 
p=sm“pw in every type. 


#113°63. 
Dem. 


#11364, 
Dem. 


#113°65. 
Dem. 


#11366. 
Dem. 


bre~wea. dD. | asm Des(ia vv Ue) 

F. #113152. 3+: Hp. 3. Des‘(ifa v etre) sm a x oe () 
F.(1).*113°61:141.5¢. Prop 

bib eax)e@smax fh. |} zax |) 2Bsm | 2(ax B) 
b.&73°611.¥118-13. 9b. | eax} 2"Ssmax (1) 


+.(1).*73°611. Ded eax | 2Bsm | 2“(a x 8) (2) 
f.(1).(2). 34. Prop 


be J ottax | 2€8= (| 2||Cnv® | 2)“(ax 8) 
b.&72184.e55-21. Db. fp czelol.aCd')z.ecd*)z. 


(#113°126] Dh. eax | 2 B=(f2|| Cav’ | 2)(a x 8). 
D+. Prop 


bap xg2=p t,o 


b. #110643. Dk. x2=pX(l +91) 
[113-43] = (#%q1) t0(# X61) @) 


FA (1). 


Dh p= Neola. Dd. x92 =(Noeva x, 1) +. (Nicfa x, 1) 


[¥113°62.(#113-04)] = Ne‘at, Ne‘a 

{*110°3] =ptop (2) 
b.(2). #103-2. DhrpeN C.D pxXol=Utyu (3) 
b 4113-205 .41104. Db ipweN,O.d.¢x,22A.ptp=A (4) 
F.(8).(4). +. Prop 


#113°67. 
Dem. 


bt. Nefa x, No(B + fy) = (Nefa x, NeB) +, Ne‘a 


+. 113-421. #1012. 
+. Ne‘a x, No“(8 + e'y) =(Ne‘a x, Ne“A) +, (Nefa x, 1) 
{x113-62] = (Ne‘a x, Ne‘B) +, Ne‘a. Db. Prop 


MLIS OTL. b. ox,(v+,1)=(ux—r) +o [¥113-67-205 . #110°4] 


#114. THE ARITHMETICAL PRODUCT OF A CLASS 
OF CLASSES 


Summary of #114. 


The kind of multiplication defined in *118 cannot be extended beyond a 
finite number of factors. We therefore, as in the case of addition, introduce 
another definition, defining the product of the numbers of a class of classes, 
and capable of being applied to an infinite number of factors. We define the 
product of the numbers of members of « as Ne‘es‘«; thus we put 

TINe‘« = Nefes' Df. 

It is to be observed that TINe‘« is not a function of Ne“‘«, because, if two 
members of x have the same number, this will count only once in Ne“«, but 
will count twice in IINe‘x. 

It is very easy to see that, in case « is finite, Nc‘es‘« will be what we 
should ordinarily regard as the product of the numbers of members of x. For 
suppose (2.9.) 

c= Uav lBuity, 
where a+ B.aty.8+y. Then 
exe=Ri(qa,y,2).R=2lavy|Buzly.cea.yeh.zey} 

Thus if R is a member of ea‘x, R is determinate when a, y, z are given, a, y, Z 
being the referents to a, 8,. Whether a, 8, y overlap or not, the choice of any 
one of #, y,z is entirely independent of the choice of the other two, and there- 
fore the total number of choices possible is obviously the product of the numbers 
of a, 8,y. Thus our definition will not conflict with what is commonly under- 
stood by a product. 

The propositions of this number are less numerous and less important than 
those of ¥113. We shall deal first with products of a single factor, and products 
in which one factor is null (#114:2—-27), We shall then deal («114:3—36) 
with the relations between the sort of multiplication here defined and the sort 
defined in *113. Then we have a few propositions (*114'4—43) showing that 
unit factors make no difference to the value of a product. Then we prove 
(#114°5—'52) that the value of the product is the same for two classes having 
double similarity, and then (*«11453—-571) we give extensions of this result 
which depend upon the multiplicative axiom. Finally, we give some new 
forms of the associative law of multiplication. 

Among the more important propositions in this number are the following: 
114-21, |. TENe‘i‘a= Neta 

Je, a product of one factor is equal to that factor. 


120 CARDINAL ARITHMETIC [parr U1 
' 


4114238, bk: Aex.3.TINe&e=0 
Le. a product vanishes if one of its factors is zero, The converse requires 
the multiplicative axiom, as appears from the proposition 


411426. |: Multax.=:TINe‘xe=0.5,.A€K 


Ze. the multiplicative axiom is equivalent to the assumption that a product 
vanishes when, and only when, one of its factors is zero. 


#114301. Fie nA SA. 2D. cs(e vA) 8m ea’e X Ca 
whence 
411481, bixendXd=A.3.IINe%« x, WNed =TINe(« va) 
which is a form of the associative law, and 
#11435. Fiat 8.3. TINe(i'a vu u'8) = Nefax, Nese 
which connects the two sorts of multiplication. 
#11441. b:2C1.5.TINe(« va) = Ne 
Ie. unit factors make no difference to the value of a product. 
#114561. +: 7p srex smsmrA.D.(T'|| T.) [ea‘A © (ea%x) 5m (ear) 
This proposition gives a correlator of ea‘« and ea‘ as a function of a double 
correlator of « and A, and thus leads to 
#11452, bresmsmr. 2. TINe%« = TINA. ea‘e sm ear 
Hence, by the propositions of #111, we infer 
#114571. +s. Multax.D:p,veNC.«n, ren Cl. >. INe‘e = TNeX 


Le, assuming the multiplicative axiom, if « and A each consist of pu classes 
of v terms each, their products are equal. 


We have next various forms of the associative law, beginning with 
#1146. bse Clstexcl. >. TINe‘es« = IINe‘s‘« 
which is an immediate consequence of #85°44. The other form is 
#114632. b: SPyelol.yCAS.ynS"y=A.>. 
ea‘ (qa) -aey.p=ax Sa} sm ea(y v Shy) 
As to the sense in which this is a form of the associative law, see the 
observations following *114°6. 


#11401. IDNe‘«=Ne‘ese Df 


e141. . TINe‘e = Noten“ [(#114-01)] 
w11411. f: Be TINe«.=.8smese.=.BeNefeae [#1141 . #10031] 
#11412. Fea e TINe“« {*100°3 . #1141] 
#1142. +. TINA =1 [¥83'15 . ¥101:2] 


Thus a product of no factors is 1. This is the source of »°= 1, as we shall 
see later. 
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#11421, |. TINe‘t‘a = Ne‘a [*83°41] 
#11422, +. TINcuA=0 (#11421. #1011) 


#11423, b:Aex.3.TINe‘e=0 [#8311]. #1011) 


Thus an arithmetical product is zero if any of its factors is zero, To prove 
the converse, we have to assumé the multiplicative axiom, which, in fact, is 
equivalent to the proposition that an arithmetical product is only zero when 
at least one of its factors is zero. : 


#11424. bTINcA+0.4CA.3. Nee +0 


Dem. 
be xL141 xLOLT. Db: TING A+ 0.3. festa qd) 
f.(1). «806. DEITINCA+O. Ke CA.D.q leak. 
[k114-1.*101-1] >. TINe‘e + 0:34. Prop 


#11425. +:.Multax.=:TINe‘«s=0.23,.Aex 


+. ¥88°37 . Transp. > 
b:.Multax. =resie=A.d-Aek? 
[«114°1.4101°1] = : IENe‘e =0.3,. Ne": 2+. Prop 
Note that Aex.=.0¢ Nex. 
#11426. +:.Multax.=:IINe‘«=0.5,.AeK (*88°372 . *101-1) 
#114261, F:. Multax.=:IINe'«=0.=,.0¢ Ne“ [411426 . #10171] 
411427. +::Multax.=:.ae.3,.q!a:=,.IINe«+0 
(4114-26 . Transp . #2463] 
#1143, br etr. Dd. ca'(Ufea'e U lea ‘A) 8m ea‘ XK Ear 
Dem. 
#113146. Db: caf $ cath. Ds ca'(tfeate v b%eaA) 8M eae X €a'A (3) 
#8081. Dkuqlete.viqlesAretrNsD . cafe $ card (2) 
83-908 . #113114. 
reae=A esN= A.D. €a(leate U leg A) = Ae cat X a= A (3) 
+ (1) .(2).(8). 3. Prop 
#114301. bien dr =A.D. eae UA) sm eave X Ear 
Dem. 
b. #8545 .41143.3 
brea deA.etr. Dd. 6s (e UA) 3m Ege X Ear qd) 
bik225. DbienrNH=A.wHr.d.eHA.ASA. 
[¥83-15] Dwea(evr)=UA. este HOA ear etA, 
[¥113-611] >. ea(e VA) am es" x €a® (2) 
F.(1).(2). 34. Prop : 


rrr 
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411431. Frendr=A.>.TINe‘e x, IINo‘A = TNe“(e va) 
{el 143011 . #11325] 
The above is one form of the associative law of multiplication. 
#114311, +. Ne (eu A) = Ne x, TINe(A—«) [11431 . 22°91] 
#11432, +: TNe(«vr)+0.=. Nee +0. TINeA +0 


Dem. 
b #114311 . 118-602. 
b:TINe‘(«e vA) +0. 9. TINe‘e +0 ad 
F(X, Ihe TINe((eur)+ 0.3. TINer +0 (2) 


b. 4114-24. Db: TINe'A+0.3.1INe(a— 2) 40: 
[Fact] Db: LNe‘e+0.TINcA+0.>. T1Ne‘e +0. TINe(A—«) $0. 
[4113°602.4114°311] >. TINe(« vr) £0 (3) 
+ .(1). (2). (8). 3b. Prop 
#11433. brane. >. TINe(« uefa) =TINe'x x, Ne‘a [*114:31-21] 
#11434, +: INe‘e+0.qta.=. IINe (ev fa) t0 
[4114-32-21 . ¥10114] 
#11435. b:at@.2.TINe(i‘avi'8)=Ne‘ax, Ne‘ [#114°33-21] 
#11436. Frat @.aty.B+y.D.IINe(iSau Bui'y)=Neax,Ne'p x, Nery 
[#1143335] 
#1144 b:NC1.D.TINCA=1 [83°44] 
#11441. F:AC1.D.TINe(e vay =ONe‘e [8357] 
#11442. +. TINe‘*e = TNe(« —1) 
Dem. 
Fe2441 Db. e=(e-Du(en 1) Ql) 
b.(1).#11441.4. Prop 
#11443. b. TINeM(e veo) = TINote [xl 14-41 . 652°3] 
#1145. bs Tee SHSM. D. (TI Te)P ea‘d c(ea*e) BH (ead) 
Dem. 
MULTI. © DR: Hp... 2, 2efvrelol (1) 
= #8014. 83°21. Db. fDi eg ACoA. sO eA CA (2) 
(1) «(2) «#74773. D 
:Hp.d. (Z| Te)P ca‘ ¢ ((L'll Pe)“ea‘A} SiH (ean) (3) 


«48243 Be #623. 


27, TePrELa1 SX COP ACT Te c= TEA, 
(Lh ePA| Leate = (Ll Te) ex (4) 
b.(4)-(1)-#L1D1 487-111. 3b: Hp. >. (PleP a] Peate = (P| Te) ex (5) 


Rs = EE ae EOE ES Se 
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b .4841.%37°101.5 


Fia(PjePa|Te)a.s.(qy,8).2Ty. yeh. Ber.a=T*B (6) 
F.(6).*7252.*1111.3 


Fi. Hp. Dia(TlePal Ta. 


(gy, 8)-0Ty -yeR. Ber. B= Tac DT, 


(#111°1:131.*13'195] =.(qy). oly. yeTa.aex. 
[487-1] =.06T*Ta cen. 
[R72-502e1 11-1] =.a(efe)a (T) 
F.(5).(7). DE: Hp. Dd. (ef eae = (Z| Te)eah« 
[*83-12] Docs = (PI Te) ea (8) 
F.(8).(8). 4. Prop 
#114501. bs S= TP sr.D. (Si Se) Pex = (Pll Te) fear 
Dem. 


+. 80°14 . 83°21. 3 

bis ReesdsDtyhB.Dd.yesr. Ber. 

[40°13] 2. yesr.BCsnr: (1) 
{*4-71.Fact] D:a7Ty.yR8.8Tea.=.aTy.yesr.yRB. BTea. BC8nr. 
[*37°101.422°621] =. a(Tfhsr)y.yRB.a=T“B.B=Basnr. 
[(1).#87°412] =.0(TPs)y.yRB.a=(PPs'x)“@ (2) 
F.(2). Dts. Hp.d: Reese. 2. 7|R| Te=8| RIS: 

[*85°71] D:(T|| Le) f eaSxe = (S| Se) P eatet. DE. Prop 


HULA 61, Ths Vee THETA. D. (Z| Te) f exXe (eae) SH (ea*d) 
(#114-5°501] 

#11452. bixsmsmarA.2.TINe‘e=TINeA.esSesmes’r [*114°51.*111°4] 

#11453. f::Multax.D:.«%, Xe Cls? excl: 

(gS). Sel +1.8Gsm.DS=x.08=r:). Ne‘ = TINes 

(#11452. #1115] 

#11454. t+. Multax. D:y,veNO.«, r6u Clexcl'y. >. IINe‘e =IINe'A 
[#11452 . *111-53] 

The condition x,X¢Cls*excl, which is involved in the hypothesis of 
#11454 (through x, Cl excl‘), is not necessary. The following propositions 
enable us to remove it. We first prove 

ea‘esm eae 
and then we use *11454 to take us from ea‘e ]“‘« to ea‘e “A. Thence we 
arrive at es‘esm e4°r. 
#11456. |. cafes ea‘e [x . IENe“e = IENe‘e [ue [#8554] 
«114561. b: Sexsmr n Bi‘sm. >. eJ|S|Cnv(e[ e(e] x) sm(e] “Aa Ri‘sm 
[#73°63 .#85°601 . #8812 . ¥83'432] 


La 
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#114562. + :. Multax.3: 


(gS). Sel +1, S€sm.DS=x«.QGS=nr.). e]esmsm cfr 
Dem. 


b. 114-561 .*85°61.3 
b:.(qS). Sel +1.8€sm.D‘S=x«.GS=r.9: 
J] ‘x, [Ae Clsexel (qT). Tel +1.%Esm. DT =e] xe. P= cfr: 
(#111°5] 3:Multax.3.eJ]“‘«smsme]“rA:. Dt. Prop 
#11457. +:.Multax.3: 
(gS). Sel—+1,.S€sm.DS=x«.08=2.9, Nene = TNeA 


F.¥114°562°52.5 
bs. Multax.3:(qS).Sel—1.S8€sm,.DS=x«.0S=2.9. 
TINe‘e | «= TINe‘e | “. 


[#114°56] 2. TINe‘« = IFNe‘ :. D+. Prop 
#114571. bs. Multax. 3: p,veNC.nrepn Cl. >. IINe‘ = Ne 
[¥111°52 . #11457] 


#1146. bine Cls’excl. >. INo‘es“‘x =IINe‘s*« = [#85°44] 
This is the most general form of the associative law for arithmetical multi- 
plication. 


Owing to the fact that we have two kinds of multiplication, namely 
ax 6 and ea‘, we have four forms of the associative law of multiplication, 
namely: 

(1) *114°6, above, 

(2) *113:54, ie. ba (uu XoV) Xp =p Xo(v XB), 

(3) *11481, de bina dX =A.d. TINe‘e x, Ne = TINe‘(« vA), 

(4) a form of the associative law which has not yet been proved, which 
may be explained as follows. 


Suppose we have a number of pairs of classes, eg. (1, 81), (42, B2), 
(a3, B:),-.-. Suppose we form the products a, x @,, a, x By, % x Ay,... and 
multiply all these products together. We wish to prove that (with a suitable 
hypothesis) the result is similar to the product of all the a’s and all the #’s 
taken together as one class; «.¢. if we call ) the class of products a X 81, %X Bs; 
% x Q,,..., and w the class whose members are a, M%, @3,---, 1, Ba, Bs, +++) WE 
wish to prove 

TINec‘s = TINe‘u. 
In order to express this proposition in symbols, let S be the correlator of the 
a's and ’s, so that 8,=S‘a,. (The suffix y will not be used further, since it 
implies that the number of a’s and of @’s is finite or denumerable.) Then our 
class of products of the form a x 8 is 


Z((qa) .aey-p=ax Sa}, 
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where y is the class of all the a’s; and the product of this class of products is 
ea‘ {(qa).aey.p=ax So}. 


On the other hand, the class of all the a’s and 6's isy v S“y, and the product 
of this class is 


ea‘(y v Sy). 

Thus what we have to prove (with a suitable hypothesis) is 

caf (qa) - ney. w= ax Stat sm eat(y v Sy). 
The hypothesis required is 

Sfyelrml.yCAUS. ya Sy=A. 
A smaller hypothesis suffices, however, for a proposition which, in virtue of 

#114°301, is closely allied to the above, namely 

eaty X eg Sy sm caf (qa). aey. w=ax Sa}. 
For this, a sufficient hypothesis is 

SPyelml.yCas. 
Thus e.g. we may write J for S, and we find 
b. aS X eafy sm ea {(Ga)-acey-p=axal. 


We shall now prove the above propositions. What follows, down to 
*114°621, consists of lemmas. 


For convenience, we write S,‘a for a x Sa in the course of these lemmas; 
this notation is introduced in the hypotheses of the lemmas. 


#114601 bi. SPyelal.yCAS.Anvey.S8, =fhG(aey.u=ax Sa).d: 
8,6131.08, =y7. DS, =f {(qa).aeyep=ax Sa}: 
wey. Da Sx a= ax Sa 


Dem. 

F,&B33-11. Db: Hp.d. DS, =2i(qa).aey.p=ax Sa} 65) 
+, 21°33. Dk: Hp.aey. Di w(Sx)a.Sp-pHax Sar 

[80°83] 3:8, a=ax Sa (2) 
b. (2). #14204. Db: Hp. Dd:aey.2,- EIS, a. (8) 
[#83:43] D,. ae US, (4) 
b.#21°38.433'181.3 +. Hp. diac ASy.D.-aey (5) 
+. (4).(5). Dt: Hp.d.dS,=y. (8) 
[(3).*71:16] 3.8, e1—>Cls (7) 
+.*113°181. Dri.Hp.Ddraeey.axSa=a’ x So’. 2.Sa=S a. 
[#7159] D.a=a (8) 


F, (8). #7155. (2). (6).(7). DE Hp. d.8,x ell (9) 
F.(1).(2).(6). (9). DF. Prop 
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4114-602, +: Hp #114601 ..A = Ra {ae y.R=(S'a) La}. >. Ael—1 ‘A =y 
Dem. 
As in *114°601, we prove 


t:Hp.2.A4el—>Cls. A= (1) 
F .#21°33 . #13171. 9+: Hp. 3: RAa. RAB.D. (8a) La=(88)]A- 
[55-202] D.a=8 (2) 


F.(1).(2). 54. Prop 


#114603, F: Hp*114602.X cea’y. Yeea Sy. P=( YX) \A Sx .D.PecaD‘S, 
Dem. 


b . 43°122 . #71-166 . #114°601'602. +: Hp... Pel Cls (1) 
f .#48°122 . *87°32°'322 . #884381. It: Hp.d.d‘P=S8,d‘d 
[114'601-602] =D‘8, (2) 
b.#341.3:.Hp.3: 

MPy.=.(qR,0).M=Y|R\X.R=(Sa) la.acy-p=S,4a. 
[¥113-123.48014] =. (qa). M=(Y*S'a) | (Xa). p= Sfa.aey. 
[413°195.*114601] =. (qa,8).@=Sa.acy.M=(Y*) | (X@).w=ax Bp. 
[*83'2] >. (4% B,u,v). B=Sa.aney.uea.ves. 

M=(vlu).p=axp. 
[113101] >.Mep (3) 


fF. (1) -(2)- (8). #80°14. +. Prop 


#114604, b: Hp 114602. T= PO ((qX, Y). X ceaty. Ye eas Sy. 
Q=YYX.P=(Y|| X)|A|S,}. 
D.Tet—>Cls. UT = egy x eg Sy. DEP Cea DS, 
The relation T here defined is the correlator required for proving 
caf {(qa)«aey. =a x Sa} sm easy x en6SM ry. 
Besides what is proved in the present proposition, we shall have to prove 
TeCls—1.e4°D‘S, C D*Z. 


The proof of the present proposition is as follows. 

Dem. 
b.#21°33.413-171. 3b: Hp.d: 
PTQ.PTQ.>.(qX,Y,X,V).¥|X=V |X’. P=(¥ |X) A4|8,. 

P=(V'|X)\ AIS. 

[#55202] 2.P=P qd) 
} .#21°33..4114°603.3 bs. Hp. d:PTQ.D. Pees D‘Sx (2) 
b.(1).(2).#113-101. > F, Prop 
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¥114'605, + : Hp *114604.3.7eCls—1 
Dem. 
F.#114601.5+:Hp.3.8, e191 qd) 
b (1). #7471 . *114°601-602. > 


br. Hp. X,X' eeaty. Y,Y’ eca'Sty. (Y|X)|4 |S. =(P YX) 4 |S: 
(FIX A=(V XA: 


[474-7] 2:(Fi|X)pDA =(¥"|| XP Ded : 

[¥114602] Diaey. Da. (F | X)(Sa) | a=(¥' | X)(Sa) Ja. 
[#113123] D.. (P*Sa) | (X'a) =(¥"*S'a) | (Xa). 
[55-202] D,. Xtra Xa. VSas Va: 
[801443345] 3:XaX.Y=s¥': 
[*55-202] D:YpX=V YX’ (2) 


b. (2). #1322. #2138. b:. Hp.3:PTQ.PTQ'.3.Q=Q i. 3+. Prop 


The following propositions are required for proving that, with the same 
hypothesis, e4‘D‘S,, C D‘7. 


#11461. +: Hp #114602. Pees DS, . X=4(C| P|S,.¥ =c/D|P|8,|8.9. 
X eeay. Ye eg'Sy 
Dem. 
+. #72°181-13'131 . #8014. 4114601.2h:Hp.>.X,¥el—Cls (1) 
b , *#72°2°181'13-181 . x80°14 . #114601 . > 


ti Hp. dieXa.=.0=O0'P Sa. (2) 
[%51°53] D.ve MPS, 'a. 

[*83°2.4114°601] 3. (qR).Reax Sa.ceAR. 

[#113142] D.cea (3) 
+.#*114601.3+:.Hp.diaey. =.8x‘aeDS,. 

[*83°2] =.E! PS,‘a (4) 
F.832.0 Db: Hp.d: El PS, ‘a.=. PS, aeSy ‘a. 

[*113°142] 3.d°PS,‘ael. 

[452-15] >. E1edePss*a (5) 
+. (2). (4) (5), Dh:Hp.d.yCax (6) 
+. #3486 #114601. 3+: Hp. d.a‘X¥ Cy (7) 
F.(1).(8).(6).(7). Db: Hp.d. X eeaty (8) 
Similarly t:Hp.d. Ye es‘Sy (9) 


+ .(8).(9)« Dk. Prop 
x114-611, +:, Hpxl1461.D:ae7.3. (V9) | (X'a) = PS,‘ 
Dem. 
b.e722. Db: Hp.aey. >. Xa= OE PS,fa, VSa= DPS, Sa 
[¥55-16.451°51] | >. (Y6Sa) | (Xa) = P*S,ta: DE. Prop 
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4114612. : Hp#114-61.3.(¥]X)|4 |S, =P 


Dem. 
b.x8315. Dt: Hp.g!P.d.qiDs,. 
[x1 14-601] D.qly Q) 


b.a841 24: Hp. 2: M(VIX)|4A|S Jue. 
(3Q 2). M=(Y||X)'Q. Qda.w=S,a. 


(«114°601-602] . (qa). M=(¥|| X)(S'a) | a. w= Ska. wey. 


[#113'123] =. (qa). M=(YSa) | (Xa) w= Sx a.aeys 
[#114611] =.(qa).M= PS, ‘a. w=S,a.aey. 
(x13-193.611460L.47116] =. M= Pu. gly: 

[*71°36.4%80'14.(1)] =.MPy:. 3+. Prop 


#114613, : Hpx11461 . Hp #114004. >. 
P=T(Y | X).(Y | XZ) ea’y x cay 
Dem. 
b, «21°33 . 4114604. 3+:. Hp #114-604.5: 


KX eeaty. Veca Sy. 2.14 Y | X)=(VX)| A [Sx (1) 
b.(1).#114°61°612 . ¥113°106 . D+. Prop 
4114614. b: Hp #114604. 9. e4D‘S, CDT 


b.¥114613.3+:. Hp. 3: Pees D8, .3.(qQ). P= TQ. 


[#33°43] 2.PeD‘T:.3+. Prop 
#11462, +: Hp #114604.5.Tel—+1. D‘T= eg'D‘S,. UT = egy x ca Sy 
[ #114°604°605°614] 


#114621. b: SPyel—wl.yCAUS.Aney.d. 
caf (qa). aey.w=ax Sa} sm esfy x ea6Sy 
{#114-62:601] 
The hypothesis A ~e y is not necessary, since, when A ¢¥, 
eae {(Ga)- ney. w=ax Sa} and es*y x ea'S\y 
are both A. This is proved in *114°63. 
#11463. +: SPyel—l.yCAS.5. 
es Bf {((qa). aey.p=a x Sa} sm eaty x es6Shoy 

Dem. 
F.#10°24. 488°11.> 
brHp.Aey.D.Ax SA 62 (qa). aey.p=ax Sa}. eay=A. 
[#113114] 3. Ae Ri(qa).aey.m=ax Sta}. eaty x ea Sy= A. 
[*83-11] 2. aR {(qa).aey. pa x Sal =A.esty x eaSy=A (1) 
be (1). #73-47 . #114621. +. Prop 

The above is one of the two variants of the associative law for ea and x. 
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#114631, +. cxf (qa). aey. pax a} am es‘a x esta [«11403 4| 
#114682. b: SPyelal.yCAS.ynSy=A.9. 
ea'B (qa). aey. waa x Sat smes(y vu Sy) ["114°63-301] 
This is the second variant of the associative law for es and x. 
411464. 13 (RMy)1 BR SPyeloal.yCAR.yCas.5. 
ea Rif x eg 'S*y sm es fh (G2) «Ze y 2 m= Re x Se} 
Dem. 


F. wases 12 Any a) 


a S|RP R yell. RéyCO(S| R). >. 
eat Rhy x ea SRR Gy sm €4 B (qa) . ae Ry. w= ax (S| Ra} Q) 
b.&74°14. #35354. 5+:Hp. >. 8| Rp Ry= Styly1B. Ry Rey =y1R. 


[#71252] >.8|RPR yell (2) 
f.*87°2. DF: Hp.d. Ry C RAS. 
[*87°32] 2. RyC AS | R) (3) 
kea74171. Db: Hp.d. R“R yay (4) 
b.(4).47414.5+:Hp.3.(R“y)1R=Rfy. 
[#35°7 &71°4] 2.2 {(qa).ae RMy.w=ax (S| R)‘a} 

=p ((q2)-zey. w= Rex SRR} 
[#7453] =f {(q2z).2ey. w= Re x Sz} (5) 


“b.(1). (2). (8). (4). (5). Db. Prop 
In the above proposition, the hypothesis has to be such as to yield 


ROR y= 9. Various other forms of hypothesis will secure this result, and 
will give other forms of the above proposition. This subject is treated in 
#74, above. 


#11465. b. (Ry) 1B, SPyelal.yCAR.y CAS. Rey n Sy=A.d. 
ea'(Rity u Sy) sm af {(G2) eye = Rie x S%} 
[%114°64'301] 


R&wW Il 9 


#115. MULTIPLICATIVE CLASSES AND ARITHMETICAL CLASSES 
Summary of #115. 


Whenever x is a class of mutually exclusive classes, ea‘ is similar to 

D*‘ea‘x; hence 
TINe% = Ne‘D*‘es‘x. 

Now D“‘ea‘« is of the same type as x; and when x is a class of mutually 
exclusive classes, D‘‘ea‘« consists of all classes formed by selecting one repre- 
sentative from each member of «. It often happens that D‘‘ea‘« is easier to 
deal with than ea‘«; hence when ‘possible (7.e. when « ¢Cls*excel), it is con- 
venient to use D*‘es‘x, rather than ea‘, as the standard member of INe‘x, 
‘We therefore put 

Prod‘x = D‘ea% Dé. 
We shall call Prod‘ the “multiplicative class” of x. 


The associative law, 
Prod‘s‘x sm Prod‘Prod‘‘x, 


requires not merely xe Cls* excl, but also s‘«eCls*excl. The combination of 
these two hypotheses gives a completely disjointed class of classes of classes, 
i.e. a class of classes of classes « which can be obtained by dividing a given 
class (s‘s‘x) into mutually exclusive portions, and then dividing each of those 
portions into mutually exclusive portions. For example, take a square (a class 
of points) and divide it by horizontal lines, and then divide each of the result- 
ing rectangles by vertical lines; then the resulting rows of little rectangles 
form such a class, each row of rectangles being one member of the class. 
Such a class we call an “arithmetical” class, and denote by “Cls® arithm.” 


The present number is concerned with the properties of multiplicative 
classes and arithmetical classes. Some-of these properties will be useful in 
dealing with exponentiation. 

The present number begins with various propositions concerning Prod‘« 
which are merely repetitions of previous propositions of #83, #84, *85 or #113. 
Thus we have 
#115141. bq! Prod‘x.3.s‘Prod‘x=s‘« by *83°66, 

#115-142. |. Prod‘‘a = ua by *83°7, 
#116143. |. Prod ua = ua by «83°71, 
#11516. |. «eCls*excl. >. Prod‘xC Ne‘ by #100°64, 
and various other properties. 
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We then proceed to consider Cls*arithm. We prove 
#11522. +. e Cls*arithm, > rs“ e Cls*exclia, Bex. !s'ans’B.D.a-a=8 
and *115°23 gives a similar proposition substituting “ Prod” for s, 


After a few more propositions on Cis*arithm, we proceed to the associative 
law for Prod (#115°34), ze. 


bs xeCls*arithm . >. Prod‘Prod“« sm Prod‘s‘«. 

(This proposition, *115°34, also states that, with the same hypothesis, 
Prod‘s‘« sm ea‘s‘x.) Hence we have 
#11535. bixeCls*arithm.> . Ne‘Prod‘Prod‘‘« = Ne‘Prod‘s‘« = U1 Ne‘Prod“‘« 

= TINe‘ea“‘« = Ne‘s‘x 

We have also 
#11542. +: <eCls*arithm.>. Prod‘Prod‘‘« = D‘‘Prod‘e,“« = D“* Des eq" 
#11544. b:xeCls*arithm. 5. Prod‘s‘x = s“Prod‘Prod“x« 

We have next to prove that if two classes of classes have double similarity, 
so have their multiplicative classes. The proof is simple, since the double 
correlator is the same as for the original classes, «.e. 

#115502. : TfhsXexmsmr.D. Tf s‘Prod‘A e(Prod‘x) sm 8m (Prod‘y) 
whence 
#11551. b:xesmsmd.). Prod‘xsmsm Prod‘x 
The number ends with some propositions which result from #1146465 
and are analogous to them. One of these is used in the following number 
in proving w7 x,v™ =(4 x, »)™, namely, 
1156. b2(R“y) RSP yell.yCOR. yas, Ry, SyeClstexcl Dd. 
Prod‘ R‘‘y x Prod‘S“‘y sm caf {(qz)-zey- w= RE x Sz} 

The subject of this number will be useful in dealing with exponentiation, 

since wé shall define z” by means of Prod‘a + “<Q, where »=N,cfa and 


v= Nesp. 


¥115-01.  Prod‘« = Dex‘ Df 
#11502. Cls*arithm = (x, 8‘ eCls*excl) Df 
#1151. Prod‘e= Dex‘ [(#115-01)] 


#115101. F:.aex.2,.anael: aCe: D.aeProd% [x84411] 


#LIBAL bir xe Cls?excl. 31. we Prod‘x.=:aex.J.-3naeliaCs'x 
[#84412] 
Owing to this proposition, Prod‘« can be treated without any reference to 


ea‘ whenever «x Cls? excl, 
9-2 


132 CARDINAL ARITHMETIC [PART TI 


¥. 
411512. bixeCls*excl. >. Prod‘ e IINe‘x. Prod‘xsm ea‘e [#84'41] 


It is this proposition that makes the notation Prod‘x appropriate for the 
multiplicative class. 


#11513. Fran B=A.>.Prod(iavuls)sm(ax) [#113-152] 
#115:131. bi a+ 8.3. Prod‘(e‘a vu u°8) = C“(a x 8) [#118151] 
4115-14. bseenr=A.v.sKensA=Arr: 
we Prod‘(evA).=.(qp,o). pe Prod‘x.ceProd‘..c =puc 


[%83:64-641] 
#115141. bi gt Prod‘x.3.s*Prod‘«=s%« [83°66] 
#115142. |. Prod‘i‘a =ia [%83-7] 
#115143. +. Prod‘i“a=e'a [*83°71] 


elU5144. bie C1. >. Prod x= use [¥83°72] 
#115-145, Fi. ee Cls’excl.acx.unael.d: u—ae Prod (x—t'a). =. ue Prod‘« 


[484-422] 
#11515. bt. 4,Xe Cle excl. s'e=3X. 2x C Prod.=.4C Prod‘« 
[*84°43] 
#115°151. bse Cle? excl. 3. ea's'e = 8“Prodfea x [#85'28] 
#115152. |. Psfasm Prod’P J “a [*85°55] 
115-153. |. cafe sm Prod‘e ‘x (#115°152] 
4115-154. +. Prod‘e [xe IINe‘« [4115-153] 
#11516. Fixe Cls* excl. >. Prod‘x C Ne‘x [*100°64)] 


The following proposition is used in the theory of well-ordered series 
(#250°5). 


#11517. biq!ea‘Clex‘a. 2. Prod‘Cl ex‘a= ta 


Dem. 
b. #8014. #1151 .48745.9b: Hp. >. q! Prod‘Cl ex‘a (1) 
+. *60°61. Fact. > 
Fi, Rel—+Cls.RGe.CR=Clexa.3: Rel—Cls. REe. aC ask: 
[*51:15] Divea.D,- eR (ia): 
[*83°14] D:aCDR (2) 
F.#83'21. Db: Hp(2).5.D‘R CsClex‘a. 
[%60°501] >.DRCa (3) 
F.(2).(8). 9b: Rel +Cls. REe. A R=Clex‘a.d.D‘R=a (4) 
bk. (4). *115°1 .*80°14. 5 F. Prod‘Cl ex‘a C ta (5) 


F.(1).(5).*514. 54+. Prop 
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#11518, + .t'Prod‘e=t« [¥83-81] 
¥115°2.  F: ee Cls*arithm.=.«,s'eeCls’excl [(*115-02)] 


#11521. F:.«eCls*arithm.=:a,Rex.qlanB.I.g.a=8: 
a,Bex.pea.cTeB.Tlona.der-p=: 
[w15-2. #8411] ae 
4115-211. Fie Cls*arithm.a,Bex.pea-.ceB.qlpnc.d.a=8 


Dem. 
F.#11521.3+:Hp.d.p=c.pea.ces, 


[*13°13] D.pean®. 
[115-21] D.a=8:It. Prop 
4115-22. b:. «Cs arithm . Dis‘xeeCls*exclia, Bex. q ls'ans'B.D.,2.a=£ 
Dem. 


b.x401L. DE: qistans'@.=. (qa, p,c).pea.ceBh.vep.wec. 


[*10°35] =.(qp,c)-pea.ceB.qipaag (1) 
F. (1). #116-211.5 

Fi.Hp.diaPex.qisansB.d.a=f. (2) 
[*30°37] D.sfa=s'B (3) 


F. (2). (8). «8411.3 +. Prop 

Observe that, although “sx ¢ Cls? excl” follows from 

“a,Bex.qis'ans'B.Iua-a=8,” 

the converse implication does not hold. If there were two different classes 
aand f having the same sum, we might have q!s‘ans‘@, te. q!s‘a, without 
having a= 8, in spite of “sx ¢ Cls*excl.” In proofs, less use can be made 
of “s**« e Cls? excel” than of “a, Bex. qistans’B.Jag-a=8.” If Avex 
or ‘Awe x, the latter implies sf «e1—> 1. 


#11523. +:.«eCls*arithm. 3: 

Prod“‘x ¢ Cls® excl: a, 8 ex. q!Prod‘an Prod’8.I.42-a=8 

Dem. 

k.*83°62. Dk: we Prod‘an Prod{8.3. aC stan 8B qd) 
F.(1). #2458. Dr:aeProd‘an Prod6.qia.d-.q!sansB (2) 
+ .(2).#115°22. Dt: Hp.aBex.we Prod‘an Prod‘@.qia.J.a=B (3) 
+. *83°16. Transp. 3: Ae Prod‘aa Prod{8.3.a=A.B=A (4) 
F.(8).(4). 3: Hp.D:a,8e«.q ! Prod‘anProd8.3.a=f8. (5) 
[*30°37] >. Prod‘a=Prod‘8 (6) 
F.(5). (6). #8411. D+. Prop 


#11524 brxceClsarithm.=.cfa,efeieeClsol [¥115°2 . #8414) 
#11525. b:x¢eCls*arithm. >. ea‘ C11. cs’ Cl ~>1 [4843 . #1152] 


134 CARDINAL ARITHMETIC [part 01 
: 


#115°26. F:xeClsarthm.>. 
ess Cl 1. cafes C11. e4Prodx C191 
[¥84°3 . 115-22 . #84:55 . #115-23] 
In the above proposition, es"ea“« C 1—>1 does not require the hypothesis 
«¢ Cls* arithm, being true always. It is merely included here for convenience 
of reference. 
#11527. bine Cls*arithm.>.«CClistexcl [#1152 . 84-25 . 40°13] 


We have now to prove the associative law for “ Prod,” ¢.e. 
«e Cls*arithm . >. Prod‘s*« sm Prod‘Prod“«. 
In virtue of *115°12, we have only to prove (under the hypothesis) 
ea's"« sm €a‘Prod*« 
which, by *85°44, will follow from 
ea‘ea**« 8m ea‘ Prod“‘x 
which, by *114'52, will follow from 
eae 9m sm Prod‘‘«. 
Now Prod‘‘« = De“ea"x. 
Thus the correlator which will give our proposition will be Df s‘ea‘‘«. 
We have only to prove that this is a 1+ 1, and the rest follows. 
41153.  -:«eCls*arithm. R,Ses‘es'«. SR=DS.3.R=8 
Dem. 
b.#115-23.3:xeCls*arithm.a,Bex.Rees‘a.Seess8.D‘R=D‘S.3.a=8 (1) 
k.¥115-27 4844. DF: eeCls*arithm.aex. R,Sees’a.D'R=D‘S.3.R=S (2) 
b.(1).(2). DF :«eCls*arithm.a, Bex. Rees'a.Sees'8.D'R=D‘S.3.R=S (3) 
F. (3). *10°11:23°'35 . 40°11. +. Prop 


#11531. fF :«eCls*arithm .>. Prod‘« sm sm ex« 


Dem. 

F.#115°3 «71°55 .#7213.3+:Hp.>. Df sfes*eelol qd) 
b.«83'431. Dk. sfeg'« CAD (2) 
b.a8711. #1151. DE. Prod“«= Dees‘ QB) 
F e(1). (2). (3). #111402. 3F . Prop 

#11632, Fike Cis arithm . 3. es‘Prod‘« sm esfes« [*115'31 . #11452] 

#115°33. Fe Cls*arithm . >. e4'Prod“«sm ea‘s'« [¥115°32 . *85°44] 

#11534, | 


:eCls*arithm . >. Prod‘Prod« sm Prod‘s‘« . Prod ‘s“« sm ea's*« 
[*115°33-12-23] 


This proposition gives the associative law for “ Prod.” 


The following proposition embodies the last three propositions. 
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¥115'35. -:«eClsarithm.>. 
Ne‘Prod‘ Prod = Ne*Prod‘s‘« = II Ne‘Prod‘‘« = TNe‘ea*« = TINe‘s‘« 
[¥115'34°33-32] 

In connection with Prod‘s‘* and Prod‘Prod‘‘x, there remain two pro- 

positions of sufficient interest to deserve proof, namely 
«ce Cls*arithm . >. Prod‘s‘« = s“Prod‘Prod‘‘« 

and xe Cls*arithm. >. Prod‘Prod‘« = Di“D'‘es'es x, 

Of these, the first is deduced from the second, while the second is proved 
by means of #11451, putting D for the 7 which appears in that proposition, 
and es‘‘« for the 0 of that proposition. 


41154. FF: Tps'Nel— 1. sACA‘T.3D. ProdfT'x = T!" Prod 


Dem. 
F #11114. 487103. 3: Hp. c=TOAX.9. Ths Xexsmsmr. 


[KL14°51.#73°142] Ds eafe=(T' Te) ear () 
F.(1). #1151. Dt: Hp.>. Prod TA = D“(T i Tees" (2) 
b . 437-321-231. > F.D(P|R|L.)=D(T| R) 

[¥87°32] =I'D‘R (3) 
F.(8).a43112, DEL D(D'I Te) ead = LD egn 

(¥115-1} = T Prod (4) 
b.(2).(4)- 3. Prop 


#11541, bs. R,Ses%.D‘R=D‘8.22 5. R=S: 2. ProdDrx=D“'Prod 
[sus47 «#7155 . #213] 


#11542. b:«e¢Cls*arithm . >. Prod‘Prod« = D*‘Prod‘es“« 


= DD es eae 
Dem. 
: F.xl151. Db. Prod‘Prod «= Prod‘D eg" (1) 
b.#1153-41.3b: Hp. >. Prod‘D eax = D'Prod‘es“« (2) 
[¥115°1] = DD estes (3) 


F.(1).(2).(8). 2. Prop 
#11543, F:«e¢Cls*excl. >. Prod‘s‘«= sD Des‘ea“e 
Dem, 
F.115°1 . *#85°28. 3 
fF: Hp... Prod‘s*x= D3*DMea‘ea"e 
[*41-43] = sD Degen: DF. Prop 
#115°44. F:<eCls*arithm. >. Prod‘s‘« = s“Prod‘Prodf'« (*115°43°42] 
The following proposition is a lemma for #115°46. 
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#11645. b:.0,8exn.q!stans'B.2ap-a=8:2. 


(s{D)fes‘eel—1.sf Prod‘cel1—1 
Dem. 


F832. 440138. 5: Reese.aec. 2. RaCsa (1) 
b.¥83'2. 433-43. 3b: Reeste.ace.2.RaCs DIR (2) 
b.*83'23.3 
Fi Reea‘e.aex.te(s'D'R asia). >. (q8)-Bex.ceRB.wvesa, 
Ke5)! D.(G8)-Bex.ceRB.xesB.xesta (3) 
F.(8). 3h: Hp. Rees'x.aex.:e(s‘D'R a s'a).D.(g8)-ceR'B.B=a. 
[#13195] D.ve Ra (4) 
F.(1).(2).(4). bis Hp. 3: Reese.aen.d.Ra=sD' Rasta (5) 
b.(5). hi: Hp.3:. R,Seeste.sDiRasD'S.3:aexn. Ia. Ra=Sa: 
[%33°45.%80°14] 3:R=S:. (6) 
[#71:55.%72°13'161]} D :.(s|D)Pesteel ol (7) 
+ .(6).#87°63 #1151. %3037.3b:. Hp. D:p,veProd‘e.s=s'v.d.p=vi 
[#71°55.%72'161] D:sf Prod‘cel—1 (8) 
F.(7).(8). 3+. Prop 
¥#115-46. +: ee Cls*arithm. 3 .sf Prod‘Prod“«el— 1 
Dem. 
F.*115141.3 
kra,Ben.qls'Prod‘an s'Prod‘g.3.qistans'B (1) 
F. (1). #115'22.5 
Fs. ¢¢Cls*arithn. D:a, Bex. Gls Prod‘ans*Prod‘8.3d.a=f8. 
[#30°37] >. Prod‘a= Prod‘8: 
[*37-63] Dip,ve Prod «.qistuasv.d.psvi 
[#115°45] D:sf Prod‘Prod‘'eel—>1:.3+. Prop 
The above proposition is used in dealing with products in relation- 
arithmetic (174-42). 
¥1155. 7 fPs‘sexsmsma. 2. Prod‘c= Te‘ Prod‘a [¥115°4. *111°14] 
¥115°501. F: TP sXexsmemr. gq! Prod. . Tf 8‘ e( Prod‘«)smsm (Prod‘a) 
(#115°5°141 . #111°14] 
#115°502. +: TP sXexsmsmr. >. Lf s‘Prod‘d ¢ (Prod‘x) Sm sm (Prod‘a) 
Dem. 


F.#85°75 «Db rwgtProd,.3. Tf s'Proda=A (1) 
#1155. 4387°29, Db: Hp.wq! Prod‘..3.Prod‘*e=A. 

[37-29.%40-21] >. s*Prod‘« = (Tf s‘Prod‘)s‘Prod*’ (2) 
F (1). #7271. (2). #1155. #1111.3 

Fk: Hp.wq!Prod%.>.7'f s*Prod‘\ ¢(Prod‘«) sim ami (Prod‘x) (3) 


F. (3). *115°501-141. 3+. Prop 


SECTION B] MULTIPLICATIVE CLASSES AND ARITHMETICAL CLASSES 137 


#11551. FresmsmX.3. Prod‘«smsm Prod‘) [#115502] 

The above propositions show how, in certain respects, Prod‘ is more 
convenient than e4‘c. We cannot have ea‘« sm sm ea‘A, because ea‘« is a class 
of relations, not a class of classes; and the correlator of ea‘« and ea‘) is by no 
means so simple a function of the correlator of « and A as Tf Prod‘a, which 
correlates Prod‘* and Prod‘a, in virtue of *115°502. 


The following propositions are a continuation of those given in #114601 ff. 


#1166. Fs (RM‘y)] B,Sfyell.yCOaR.yCA'S. RMy, Sy ¢ Clsexcl. >. 
Prod‘ RM‘y x Prod‘Sy sm sf {(qz). ze y+ = Re x Sz} 
Dem. 
b. #11512 .*113°13.3 


t:Hp.>. Prod‘ RM‘y x Prod‘S**y sm ea‘ RM4y x eg6 Sry (1) 
F (1). «11464. 5. Prop 
#115601. F(R “y)1 BK, SP yelol.yCAUR.y CAS. Rye Cls*excl 2. 


Bi{(qz).zey. p= Bz x S'z} e Clstexcl 
em. 


F.¥113-19.3+:.Hp. 3: 
z,wey.G! (R&e x Siz) n (Rw x Sw). d.qt Rien Rw. 


[484-11] 2. R2= Rw. 
[¥74°53.430°37] D.z=w. 

[*30°37] 3. Riz x Se= Rw x Sw (1) 
fF. (1). #8411... Prop 


#115602. (Ry) 1 R,Shyelol.yCOUR.y CAS. Oye Clsexel. 3. 
Riaz). zey.p=Rz x Sz} ¢ Cls* excl 
[Proof as in *115°601] 
¥116-61. 1s. (RM) 1 RSPyelal.yCAR.y CAS, Rya Mya Ai 
Ry e Cis excl .v. Sty e Cls*exel: 3. ; 
.(RMty v Sy) sm Prod‘A {(qz).zey. p= Ri x 8} 
[#115°601-602-12 . #114°65] 
411562. 1 s(RMy)1 RSP yelol.yCUR.y CAS. Ryn Sty=A. 
(RMty v Sy) e Cls* excl . 2. 
Prod R'y u SM) sm Prod {(qz) «ze y. p= Rez x Sz} 
[xL25-O1-12 . #8425) 
#11563, F(R y)1 R,SPyel— l.yCAR. y CAS. Roy, Sty  Cls*exel . 9. 
Prod‘ RMy x Prod‘Sé‘y sm Prod‘f {(qz).zey. p= Riz x S*z} 
[*115-6-601-12] 


*116. EXPONENTIATION 


Summary of *116. 


In this number, we define “aexp8,” meaning “a to the exponent 8,’ 
where a and 8 are classes, as 
Prod‘a | “f. 
a 
Now Prod‘a | «8 consists of all ways of selecting one each from the members 
of a 4 «8, i.e. from the classes | ‘Ca, where ye. Thus to get a member of 
Prod ‘a J “B, take a set of couples «| y, where w is always an a, and there is 


only one « for a given y, and y is each member of @ in succession. Thus for 
each member of 8, we have Ne‘a possible referents; hence it is plain that the 
number of possible sets of couples consists of Ne‘ factors each equal to Ne‘a, 
and is therefore fit to be taken as defining (Ne‘a)*«®, 

The definitions of w” and (Ne‘a)N«’* are derived from the definition of 
aexp exactly as the definitions of »+,v and Ne‘a+, Ne‘, or of w x,v and 
Ne‘a x, Ne‘8, were derived respectively from a+ 8 and ax 8. 

The chief difficulty in this number lies in the proof of the three formal 
laws of exponentiation, namely 

BY Xo MP = prte™, 
BT XQ v™ = (MW XQv)”, 
and (Bw)? = peree, 
The proofs of the second and third of these, in particular, require various 
lemmas; but there is no difficulty involved except the complexity of the 
classes and relations concerned. 


The definition of 4” is so framed as to minimize the necessity for the 
multiplicative axiom (see the note on *113'81 in the introduction to *113). 
We have 
#11636. +:.Multax.3:y,veNC—t'A. neva Cl'y.3.0NeK«e =p” 
that is, assuming the multiplicative axiom, the product of v factors each 
equal to w is w” (assuming w and » to be cardinals which are not null). 
If we had defined pw” as the product of v factors each equal to #, we should 
have required the multiplicative axiom for almost all propositions on yu”; but 
by taking the particular class af 8, we avoid the multiplicative axiom 
except in a few propositions. Among these few is the above proposition 
connecting exponentiation with multiplication. 

Cantor has defined y” by means of the class of “ Belegungen,” te. the 
class 


R(Rel > Cs. DRC a. R=8) 
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which (#11612) =(af 8)s‘8. By *85°53 and *113°103, this class is equal to 
&(aexp 8) (as is proved in ¥116°13), whence, since sfaexpfel—»1, it 
follows (*116°15) that the class of “Belegungen” is similar to aexpQ. 
Hence our definition gives the same value of 2” as Cantor's. 


The propositions of the present number begin with various simple 
properties of aexp 8. Its existence follows from 


#116152. F: cea.d.0 | “Be(aexp B) 
whence (*116:16) F. Cnv‘*@ 4 “aC aexp @, and 
¥11618, Fi.qla.v.P=A:e.qlaexp@ 
We have 
#11619. Frasmy.8sm6.).(aexp 8)sm sm (yexp 5) 
in virtue of #11313 and #11551. 116192 shows that, if Rf y correlates 


a with y, and Sf 6 correlates 8 with 6, then (|| 8) t (8x) is a double 
correlator of (aexp A) with (y exp 68). 


We then proceed to aset of propositions on yw’, which are analogous to 
¥*113°2 ff. on wx,v. We have 


#116203. Fiqip”.d.pveNC- UA. pve NC 
#11625. . (Nofy) Ne = Ne“(y exp 8) 
and various other less useful propositions. 
We then have various propositions on 0 and 1 and 2. We prove 
#116301. Fi:weNC—cA.D.w=1 
*116311. FiveNC~s'A—10.3.0°=0 
4116321, FiweNC-t'A.D.y'=sm"*e 


(Observe that smu is the same cardinal as y, but rendered typically 
ambiguous.) 

#116331. FiweNC-t' A.D. =] 
#11634. FewWapxop 

(This proposition does not require that » should be a cardinal.) 

After the proposition (*116°36) already quoted, on the connection of 
exponentiation and multiplication, we proceed to a set of propositions on 
the case where a number of classes are all given as similar (by assignable 
correlations) to a given class. In #116411, we prove that if « is a class 
of mutually exclusive classes, each of which is similar to a given class ¥, 


and if, when aex, M‘a is a correlator of a and y, and 7'is the sum of M‘‘«, 
then 


=~ 
No‘eg! Ty = Ne‘Z'a'y = Ne“(x exp y) = (Ne‘«)Nev. 
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This is a further connection of multiplication and exponentiation. (On the 
purport of this and following propositions, see the explanation preceding 
%116°4.) In *116-48, the hypothesis is somewhat modified. We still have a 
set « of classes which are all similar to y, but the correlator for a given class 
a is not given as Ma, but is given as M‘w, where w is a member of a class § 
which is sfmilar to «. Then «=D“M“8. We assume that Mf isa one-one, 
and that if M‘w and M‘v have domains which overlap, then w=v. Thus « is 
a class of mutually exclusive classes, each of which has Ney terms, while 
x has Ne‘ terms. Then it is proved in *116'43 that 
Prod‘D‘' M6 sm sm (y exp 8). IINe‘D™ M8 = (Nefy) Ne, 

This proposition and another (*116:45) which follows from it are useful in 
proving the formal laws of exponentiation. The proof of these occupies the 
following propositions from *116°5 to ¥11668. We have 


#11652. b. py’ xg pe? = peter 
#11655. b.p™ xv ™=(p x,v)7 
#11663. |. prX?® = (p")® 

An extension of the first of these is 
#116661. |. IINe*(a exp) «= (Nefa)2Ne* 

Here the number of members of « need not be finite. The purport of the 
proposition is as follows: Let 8, y, 8, ... be the members of «; form «exp, 
aexpy, aexp 6, ..., and take the product of the numbers of all these; then 
the resulting number is the same as if we first took the sum of the numbers 
of all the members of «, thus obtaining (say) a number y, and raised Ne‘a to 
the wth power. 

An extension of *116°55 is given by ¥116°68, where we prove 

bie Cls’ excl. >. INe‘exp ye = (IINe‘«)N, 
There is no analogous extension of *116'63. 
We prove next Cantor’s proposition (which is very useful) 
#11672. +b. NefClfg = 2Ne‘a 
Je. the number of combinations of » things any number at a time is 24. 


(Observe that » need not be finite.) The remainder of the number is con- 
cerned with consequences of this proposition. 


#11601 aexp 8 = Prod‘a | “8 Df 
#11602. yw” =4 ((qa,8).n=Nefa.v=Nic'8.ysm(aexps)} Df 
¥11608. (Ne‘a) = (Nyefa) Df 
#11604. pNe't = yNoo's Df 
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#1161. +: €e(wexp8).=.(qR).Reeakal “8.E=DR 
[w115-L. («216-01)) 
#11611. 1s. €e(aexpQ).=tyeB.dy.an@(elycbyeliECRxa 


Dem. 
b.¥113111.%11511.5 


br Fe(aexpf).=ipeal “B.d.pnEelrECsal “a: 


[H88-2.41131] sryeB.d.by“anEeliECBxa (1) 
+ .#*376.3 
tiLyangel.=.Ri(qe).wea.R=chy.Reégjel. 
[¥13:193] =.R(qe).cca.cl yee Raalypel. 
[%37°6} =.) y@(wea.avlyeéel. 

[7361144] =. B(wea.w]yebel (2) 
F.(1).(2). 35. Prop 


*116'12. F.(at BB =Rh{Rel+Cls. DRCa.d'R=8} 
Dem. 

b.x8014. 3b: Re(at @)s8-=-RelwCls.REatB.dR=A. 

[*35°83] -Rel1+Cls.D‘RCa. AT RCB.AGR=8f. 


[eae] -ReloCls. D'RCa.d'R=8: 3+. Prop 
#11613. |.8(aexp8)=(aT B)a‘B 
Dem. 
b. #8553. Db. (af B)s68 = 8"D"ea"(a PB) IB 
[113-103] = Di egfa “g 


, 
[¥115°1.(#116-01)] = 8(aexp 8). IF. Prop 


(aT 8)s‘8 is the class of one-many relations whose converse domain is 
8 and whose domain is contained in a This is what Cantor calls the 
“ Belegungsmenge,” and is used by him as the definition of exponentiation, 
In virtue of *#116°15, his definition gives the same results as ours, 


*116131. F.éf (aexp @)e (a fT B)a‘R} 5m (a exp B) 
Dem. 
F.e84241 . 4113-108. D+. 1B e Clstexcl.a } “B= (aT B)s“U"B (1) 


F.(1)-*8542. Fi, Neesal “8.sD'M= DN .D.M=N. 


il oul tl 


[*30°37] >.DM=DN (2) 
FF. (2). #8763. €115°1 . (#11601). 3+: pve (aexpf).sp=sv. D.psvt 
[&71'55.*72°163] Dr.sf(aexpAyelol (3) 


F.(8). #11613. 3+. Prop 
#11614. +. (wexpA)smesaf (8 [a11512. #113111] 
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#11615. +.(aexp@)sm(af B)sS8 [4116-131] 
#1167151 is a lemma for #1167152. 


#116151. F:vea.3 +@ | Cnv‘(a | PB) cesta «8 


Dem. 
ft .#113°105 .¥72'184.5+:Hp. 2.2 || Cava f PR)e1—Cls (1) 
b.#341 2 #381. Dh: Hp. 3: Rie || Cava f feyr.=. 
(ay) R=wly.yeB.r=aly.vea. 
[#3821] D.Rer (2) 
F .*37°322°401 . > A(x || Cnv(a | PAj=al “8 (3) 


F .(1). (2). (3). #8014. DF. Prop 


#116152. b:wea.d.a] “Be(aexp 8) 


Dem. 
b.#37°32.*35°65. DE. D {el | Cnv‘(a | TAjae]l “6 (1) 


b.(1).¥116°151-'1. +. Prop 
#11616. |. Cavite f “aCaexpB 


Dem. 
b.¥116152.*5514. 3b: 2ea.2.Cnv | 8 e(aexpf). 
[*38°2] 2. Cnv“f | we (aexp§): It . Prop 


The above propositions are useful in establishing existence-theorems, as 
appears in the following propositions. 


#11617. Fiq!f8|“a.d.qiaexp@ [*116-16. 37-47] 
#116171. Finn qia.v.S=A:d.q!laexp@ 


Dem. 
b.113-113.#83°15.451-161.30:8=A.3.qtaexp8 (1) 
bk. #116152. Dkiqta.d.qlaexps (2) 
F.(1).(2). +. Prop 
#116172. Fi.qiaexp@.Iiqla.v.B=A 
Dem. 
F.*8311.3h:.Hp.dDi:Aveal “f: 
” 
[#113:112] Din(@=A. ql): 
[#2451] DJiqta.v.@=As.DF. Prop 


#11618. Fi.qla.v.@sAr:=.q!aexp@ [#116171172] 
¥116181. t.aexpA=itA 
Dem. 
F.*113-118.3+.aexpA= Prod‘A 
[¥83°15.439-241] =A. 2+. Prop 
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#116182. F:qiP.d.AexpBaA [#113112. 483-11] 
#116183. .s“aexp B)=8 xa 


Dem. 
b. #115141 .411618. 3+ qla.v.@=At .s(aexp @)=s'a | “8 
(*113-1] =Bxa (1) 
+. #116182. Dria=A.q!P.>.8(aexpR)=A 
[#113114] =Bxa (2) 


F.(1).(2). +. Prop 


#11619. F:asmy.8sm6.>.(aexp £)smsm (y exp $) 


Dem. 
F. #11813. 3+:Hp.d.af “Bomsmy | 3. 


[#115-51] >. (aexp 8)sm sm (y exp 8): D+. Prop 
#116191.  : Ready. SeB 5m 8.>.(R|| S)f (8x y)e(aexp 2)am aM (yexpd). 


(B || S)ef"(y exp 8) = aexp B 
[#113°127 . 115-502 . #116183] 


#116192. |: Rh} yeatmy.SfdeRBms.d. 
(2) 5p (8 x 9) e(aexp A) STH 5H (y exp 8). 


(B || S)ef (y exp 8) ¢ (a exp 8) SH (y exp 8) 
[wI19-127 . #115502 . #116183. #11115] 


#116194. F: RPh ycasmy.SfSe Rams... 
ra (RY S)P ( T 8)s58} € {(a T B)a‘B} SiH f(y T 8)s°3} 
jem. 
baL1G12. Dk: Hp. dss DM(y P8)aB Cy. Ty P83 CS. 
[#74°778.473142] D.(RIS)P {(y TdaShe 


(2 8)Cy 7 8)a'8} BE Cy 8)s'8} (1) 
.#116-192.#11114. +: Hp. >. aexp @=(R] S)ef(y exp 8). 


[#11613] >= (aT A)sB = HRI Sey exp 8) 
[#43°43] = (RIL S)“a*(y exp 8) 
[116-13] = (BI S)“(y T8)a‘8 (2) 


f.(1)-(2). +. Prop 


The following propositions (down to *116'27 exclusive) are the analogues 
of propositions with the same decimal part in #113. 


#1162. bi kep.=.(qa,8).= Nic'a.v=N,c8.Esm (a exp B) [(*116-02)] 


#116201. bs. fey". Sip,veNC:(qa,8).aen.Rev. &sm(aexpf) 
[¥116-2. 4103-27] 
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4116202. bt. Fey’ =rqip. giv: (qa, 8). p=Ne‘a.v=No‘f. Esm(a exp f) 
[Proof as in *1138:202] 


#116208. Fig ty’. d.p,veNC-'A.p,veNC [41.16-201-202'2] 
#116204. FinpeA.viv=A.vin(ujveNC)id.p7=A [116-208] 
#116205. bin(y,veN,C).d.w=A [116-208] 


#11621. Fs. z,veNC.3:£ep".=.(qa,8).aep. Bev. Esm(aexpQ) [*116'201] 

#11622. bs Ee {Ne (q)fy}No)s.= oq No(n)*y. gq! Ne()S. £am (y exp 8) 
[Proof as in #11322, using *116°19 in place of *113-13] 

#116221. big I Ne (q)y. | Ne (£)S. Dd. {Ne (n)fy}NoG) = Ne“(y exp 8) 


[x116-22] 
4116-222. |. (Nye“y) Ne? = Ney exp 8) [Proof as in #113-222] 
#11623. +. yreNC [Proof as in #11323] 


#11624, +. (Nefy)Net = (Nicky) Ne® = [(#116'03-04)] 

#11625. +. (Nefy)Ne®=Ne(yexpd) — [k116°24'222] 

#116251, |. (y exp 8) e(Noty)Xo* [#116°25 . *100°3] 

#11626. bsp,veNC.qism,“p.q ism. >. py’ =(sm,“p)re” 
[Proof as in *113°26] 

This proposition shows that we may raise or lower the types of » and v 
as we please, without affecting the value of yu’, provided y and », or rather 
smu and sm“y, exist in the new types. 

#116261. Fi p,veNC.d. pr = {un} = {u)}"em = ete. [Proofas in 113-261] 

Here “ete.” covers any derivative of » or v whose existence follows from 
that of w or pv. 

#11627. bey =2 (qa, 8). p= Now.v= Neh. sm (at B)a‘6} 
[116-15 . #73°37 . (*116:02)] 

#116271. Fi p,veNC.aep.Bev.3.(aexpBjepy” [*116-21] 

#1163. +.(Nefay=1 


Dem. 
+ #1011 . #11625. 5 +. (Ne‘a) = Ne(aexp A) 
(#116°181] =NeuA 
[*101-2] =1.5F. Prop 


#116301. b:weNC—tA.D.p°=1 [Proof as in #113601] 
#11631. +: B+A.D. ONC = 0 
Dem. 
F.#101-1 4116-25 . D+. ONC = No“(A exp). 
[¥116'182] Db: Hp.d.0N# =NekA 
[101-1] =0:3+. Prop 


SECTION B] EXPONENTIATION 145 


#116311. bi ve NC ~—c'A—10.3.0"=0 
Dem. +. #10334.#101:1.3+:Hp.>.(q8)-B+A.v=Nee. 
[13-12-13] >. (qB)« BEA.0'= ON 
[#116°31.(%116-04)] =0:D+. Prop 
#11632. +.(Ne‘a)'=Ne‘a 
Dem, +. #11625 .#101-2. +. (Ne‘a} = Ne“{a exp (e')} 


[(#116-01)] = Ne‘Prod‘a | “ue 
2 
[#115°142.45331] =Net“a | @ 
J 
[4113°11.#100°6] =Nefa. DF. Prop 


#116321. Fs weNC—U' A.D .2=sm“p [11632] 

It would not be an error to write “y=” instead of “y}=sm"w” in the 
above proposition. For if the “sm” is typically determined so that sm“wet“p, 
then sm“,=y. Thus in virtue of *116321, “=, is true whenever it is 
significant. But the above form gives more information, since it preserves 
the typical ambiguity of pz’ and sm‘. 

#11633. +. N= 1 


Dem. }. #11311. Drracl. Dal “@Cl. 
2 
[x115°144,4%101'2] >. Ne‘Prod‘a | “8=1 (1) 
3 
.(1)sk1012. «DE. Not {('a}exp 8} =1 (2) 
b.A1OL-2 . #11625. Db. 1NC® = No“{(t'a) exp B} (3) 
F.(2).(8).Dt. Prop 


#116381. F:ipeNC—t'A.D.=1 
Dem, +.#10834.+:Hp. >. (76). w= Nef - 


[13-12-15] D.(qA). 1H = 180, 

F(#L16-04)] >. (q8). w= 188, 

[*116°33] D.1e#=1:3+. Prop 
¥11634. bw pxop 

Dem. 

b. #241. #10103. DF A UiVe?. 
[¥116°222] Di p=Niefa. d= Ne‘Prod‘a | “UA Viv) 
[*53°32} =N efProd‘(ufa | Avle tL Vv) 
[4115°13,455'233.438'2] = Ne“(a 4 Ax at Vv) 
[1137112513] = Ne‘ax, Ne‘a 
Tel 13°24] Sp xan any 
b.(1). #1082. 3b: peN,C.d. 2 =p XoM (2) 
F. #116205. DItipreNC.D.W=A 
{#113°205] =p Xop (8) 
+. (2).(8). D+. Prop ; 


R& WII 10 


146 CARDINAL ARITHMETIC (PaRT UI 


411635. Fry =0.5.n=0.veNC—L0-UfA 


Dem. 
b. #116311. Dh: p=0.veNC—v0 A.D. p= 0 QQ) 
F.OLI2. Dew =O0.D. qty. 
[x116208] DipveNC—UtA (2) 


F. (2). #116°21 «#54102. 5 
bropr=O0.D:f=A.=.(qa,8).aep.Rev.&sm (aexpQ): 


(*73°47] D:(qa,8).aeu.Bev.aexpB=A: 

(*11618] D:(qa,8)-aem.-Bevia=A.B+A: 

[#13195] DiNepev$elA. giv: 

[KLO1‘1.#100°45.(2)] Dt =0.veNC—scA—t0 (3) 


F.(1).(8). 3+. Prop 


#116351. b: peNC-U'A.e=A.v=0.9.y"=TINe%e=1 
[#116301 .«114°2] 


#116352. F:p=O0.veNO—uA.cevs Nex. >. pp” =HNe'k =0 
[4116-311 . #11423] 


#116353. bk: w=O.veNC—UA.cevnClu.d.y=TINee 
Dem. 


b.x60362.4541. Db: Hp.die=A.vic=etA (1) 
+. #10045 .41011.3':Hp.c=A.3.v=0. 

[4116°351) Dd. py” = Nex (2) 
+. «51-16. Db:Hp.«c=UA.D.Ack. 

[*116°352] D.p’=TINe‘n (8) 


F.(1). (2). (3). DF. Prop 
#11636. + :.Multax.D:g,veNC—UA. cern Cl. >. 0NeKe =p" 
Dem. 
+. #L13°12.410045. Ibi p,veNC.aep. Bev. gla.d.al “Bevan Clip (1) 
b.(1).k114571. Dts. Multax.3: 
wveNC.aen.Bev.qla.wevn Clip. 2. UNe‘e= Nota | “8 


[411671441141] = Ne‘(a exp 8) 
[*116-271] =p” (2) 
F.(2).3 

Fs. Multax.Diy,veNC—UA.qlw—-UA.cevaCl.>.TINe« =p" (8) 
F514. 541. Db eNO A wqtp—UA.D.p=0 (4) 
+. (4) #116353 2D 

b:p,veNC—UA.w gl pid. ceva Cl. >. TNe Ke =p? (5) 


+. (8) .(8). DF. Prop 
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In the above proposition, “veNC” is sufficient hypothesis as to », since 
“vA” is implied by cevaCl*y. But ~+A is essential, since if p= A, 
pw” =A and «= A (provided v = 0), whence IINe‘« = 1. 

The above proposition connects exponentiation with multiplication. 
#116361. | :. Multax. 3:4, veNC—i'A.cevn Clexcl{p. >. Prod‘ ep” 

Dem. 

F.#L1512. Dkr eevnClexcl'p.>. Prod‘ e INe‘« (1) 
+. (1). #11636. 5+. Prop 

The following propositions, which illustrate certain generalizations of the 
relations of rows and columns, may be made clearer by the accompanying 


y= TR 
R=Mw 
DSR = D‘Mw 
$ e e e . e em De 
=D«M«s 
e e ry . e 
is ° : ; 
Ty 


figure, in which, for the sake of simplicity, all the classes concerned are taken 
to be finite. 

Let « be a set of classes, constituted by four rows of five dots in the 
figure, which are each given as similar to a given class y, represented by the 
top row of five dots in the figure, namely the row enclosed in an oval. We 
assume that an actual correlating relation is given correlating each member 
of « with y, Let % be the class of these relations, and assume that 2 consists 
of one correlator for each member of «, and that «eCls*excl. Thus D“’=x, 
and Rer.D.d‘R=y. Put T=s8A. Then, if zey, 7 relates to 2 every 


_» 
member of the column below 2, t.e. 7*z consists of the four dots which are 
vertically below z; assuming, what in the circumstances is possible, that each 


~ 
dot is placed below its correlate in y. Thus 7*y represents the columns, 
while D‘‘a represents the rows. 


; > 
We prove, in *116°41, that 7‘y, the class of rows, has double similarity 
with > 4 ‘‘y, or, what comes to the same thing, with « | “ry. Hence it follows 
a? 


that 7*‘y, which is the whole class of dots, is similar to yx or y xx, and 


> : 
that Ne‘ea‘Z'*y, which is the product of the numbers of the columns, is equal 
; 10—2 
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to (Ne‘A)NeY or (Ne‘«)Nev, The correlator which is used for proving these 
propositions is W, where, if R is a member of A and z is a member of y, W 
correlates R‘z with R | z. 
Similarly, by correlating R‘z with z| R, calling the correlator U, we 
have U* | RMy= Ry, ie. Uely | R= D‘R, whence Uel'y | “X= Dr. Hence 
” a” 
DA, we. the class of rows, has double similarity with y | A or y | “x, whence 
x” ” 
the product of the numbers of the rows is (Ne‘y)Ne* or (Nety)Ne%, 

Finally, we take a class 5 similar to « or A (illustrated in the figure by 
the column of dots enclosed in an oval), and calling M a correlator of X and 8, 
we replace X by M6 and « by D‘M“6. We thus find that, if M[‘6 corre- 
lates with 6 a class of relations whose domains are mutually exclusive, and 
which each correlate their domains with a given class y, then D‘‘M‘6 has 
double similarity with y } “§, whence the same results as before with 6 in 

iy 
place of « or A. 

The following propositions are useful in connecting multiplication with 
exponentiation, and in proving the formal laws of exponentiation. 

¥116-4-401 are lemmas for #116-41. 

H1164 bt. ACL 1: #, Sed. Gg! DRaDS.Ip9.R=8: 
UX Cy. WHO P (GR, 2). Red.0=Re.P=R az): 
2.Welwl. Way xara. DOW=DE% 

Dem. 
b.#21°33.3+:.Hp.d:aWP.cWQ.=. 

(qB,S,2,w). BR, Ser.c=Re= Sw.P=RIlz.Q=Slw. 
[*33°43] =.(qR,8,2,w). B,Ser.05 Re=Sw.reD‘RaDS. 
P=R1)z.Q=Slw. 

[Hp.*13'195] 2.(qR,2,v).Redr.c=Re=Rw.P=RiLz.Q=Rhlw. 
[471-5382 413195] D.(qR,2z).-Rer.c=Re.P=Rlz.Q=RIz. 
[#13272] >.P=Q (1) 
+.42133.5+:Hp.3:¢WP.yWP.=. 

(WR, S,2,w). BR, Ser.2= Re.y=Sw.P=Rlz=Q wv. 
[#55202] 3. (qR,S,24,w). BSert.c=Re.y=Sw.R=S8.z=u. 
[#1822172] D.2=y (2) 
b. #33181. 3h:.Hp.d:PeQ‘W.=. (qu, R,2z).Rer.e=R2.P=RI 2. 


[71-411] =.(qR,2).Rer.zeU'R.P=R|\z. 
[Hp] =.(qR,z).Rer.zey.P=R fz. 
[#113-101] =.Peyxr (3) 
F.*8818. D+ =» Hp.div@eDW.=.(qP,R,2).RevX.c= Re. P=Rlz. 
[#55-12.471-36] =.(qB,2). Red. aR. 

[41-1).33-13] =e Dir (4) 


F. (1). (2). (8). (4). +. Prop 
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#116401, bs Hpal 16-4. Pas. D. Ply = Wer | My 
” 


Dem, | .#37-111. 4382.3: Hp.zey.3: 
we Wer fz.5.(qR)-Rer.eW(RI 2). 
3 


[*21°33] =.(qB,S,w).R,Ser.2=Sw.R]z=Slw. 
[¥55°202.413'22] =.(qR).Rer.7= Roz. 

[*71°36] =.(qR).Rer.aRz. 

[x40-11] =.0(iA)z. 

[Hp.*32:18] sine Te (1) 
+. (1). «3768.35. Prop 


#11641. si ACT 1. Cty RB, Sergi DRaDSS. Pa gs R=SiT=sn: 
2% ery sm i aah J My Tysmy xr. TeCls—1. Pesy e Clst exel . 
5: 
Ne fea’ Ply = N. oT fy = Ne‘Prod‘ Ty = Ne“(A exp y) = (NcA)Nev 


Dem. = 

FAD16-4401 111-4 A118. Hp. 2. Peysmomr fy. (a) 
[*111-44.440°5] ScTipangicn (2) 
F.#72°321 85°14. Db: Hp.d. Te Cle. Ne‘ea Ty =NotTaty (8) 
t . (8). #8451. Dt: Hp.> Biry Oe excl. - (4) 
[a115-12] D. Noten! Pty = Ne‘ProdTétry (5) 
b.(1). #11452. DE Hp. Dd. Noes Pty = Nofeata 4% 

[*116°14] = Ne‘(A exp y) (6) 
[4116-25] = (No‘n)Ne (7) 


+. (1). (2). (3). (4). (5). (6).(7). Db. Prop 
The following proposition is merely another form of #116-41. 
#116411. F: pres excliaex.3,.Macaimy: T= aM: >. 
Py sm nuke 4 hy Thysmy X ke ‘ve Cls—>1. Poy eCls*exel. 


; Ne ‘ea TH ‘y= XN cf Tafy = Ne‘Prod‘T* = Ne‘(« exp y) = (Ne“e)NeY 
Dem, 


F.#73°03. Dk: Hp.d. Me Cl —+»1. CMe Cy () 
b.x11116.3+:Hp.3:0, Gen. Ma=M‘g.3.a=8 (2) 
b.k1421. Db: Hp. diaex.d. EI Ma (8) 
b. (2). (8). #7324, DF: Hp. Dd. Mcsme (4) 
b.#73°03. Dh:.Hp.d:aen.3.D'Ma=ar 

[*13-12] Dia, Bex. qi DManDMB.d.qlang, 
[#8411] D.a=ZB. 
[*30°37.(3)] >.Ma=Mp: 
[*37-63] 2: R,Se Me. qiDRaDS.>.R=8 (5) 


b.(1). (4). (5). #11641 a .#113-13 . #11619. + . Prop 
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#116-412'413 are lemmas for «116-414, 
4116-412. bs. XA Cl—1: RB, Sera. qi DRaDS.op9.R=S8:TaCuy: 
U=8P ((qR,z).Rer.0=Rz.P=2l RB: 
2. Ve(sD*A) sm (A x y) [Proof as in #116°4] 
#116413. |: Hp #116412.5.D*2= ely | “ [Proof as in *116401] 
#116414, Hp 4116-412. Ue (D*a) amiat (y | 2). (DA) smam (y |) 
” 
[¥116°412°413] 
#11642. bn XC1—1:R, Ser. gq! D'RaDS. Ip 5. RS: Truly: 
>.D“asmsm vt Q) . (DS) sm (A x x). (eaD“A) 8m (vy expr). 
Ne‘Prod‘D“X = HNe‘D‘X = (Ney) Ne’ 
[411641425 4115-51 111-44. 441-43] 
#116422. bi. MP Seloliwved.qg!D Miwa DM.9,,.w=0t 
weds. dy. Mwel +1. dG Mw=yi >. D* MS sm sm y | “§ 
3 
Dem. 


F. wrig4a ee 7) 


bs. M“SCl— 1: RB, Se MS. q!DRa DS. 3p 5.R=8: TMS C ely: 
2.D«M"ssm sm y | “MS (1) 
2 


ba xd421. Dk: Hp.diwed. 3d. El Mw: (2) 
[%83°43] Dd:8CaM: 

[&73°15] >: (MS) sm § (3) 
b. #5115. Di. Hp. Diwed. 3.0 Mwe uy: 

[*37°61] 3: OMS C ify (4) 
+. (2).%8037. 3+: Hp. d:wv6d.q!D'Mwa DM. dy, Mw= Mo: 
[*37°63] 3: BR, SeMS. qi DRaDS.I25.R=8 (5) 
F.(1).(4). (5). 3b: Hp.3. DMS sm smy { MS, 

[(8).#118°13] 2. D“M“Ssmsmy {i dF. Prop 


#11643. bi. MP Selo live &.q!D Miwa DMV.dy..-W svt 
wed. dy. Mwel— +1. TMway: 
>. Prod‘DM"8 sm sm (y exp 8). IINe(D“ MS = (Nofy) Net 


Dem. 
b.*115°51 . 4116-422 ..5+: Hp. >. Prod‘D“M“S sm sm (y exp §) qd) 
#116422 .4#11452.3+: Ap. >. Ne‘D“ M8 = IINe'y t 8 (2) 
, 
+. #1161425 . Db. TNety | 6S = (Nety)Ne® (3) 
” 


k.(1).(2).(8). 34. Prop 
The above proposition is used in *116°534°61. 
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#11644. bigly:(z). Mel a1. AMe=V: 
w,ve dsl (Miw) ty a (Mov) ys Du, ys W=Vt 
>. DP y* MS sm am L «§ . Prod‘D* fy“ M“8 sm sm (y exp 8) 
? 


Dem. 
b #7129 . *35°65 «D> 
Fs. Hp: (2). W2=(M2)Py:d.(2). Nzelol.aNe=y (65) 


F,«37°-401.3+:.Hp.Hp(1).3:w,v68.q!D'Nwa DING.3,,.w=r (2) 
b.«85°7. Db: Hp.Hp(l).d:cey.w,ved. Mw=NV.9.(Nw)a=(N) a. 


{(2)] D.w=0 (3) 
b. (3). *10°711-23°35 . +: Hp. Hp(l).3:u, ved. Vw=N%.d.w=e: 
[«71-55°166] D>: NPSel—1 (4) 


b. (1). (2). (4). #116422 . 4115-51. 3 
t:Hp.Hp(1).5.D“N“3sm sm rt 8, Prod‘D“N“Ssm sm (yexps) (5) 
b.*8811.3+:Hp. Hp (1).3.D¢¥2= Df yz. 
[%37°353] 3. DENS = Df yp MS (6) 
+ .(5). (6). +. Prop 
#11645. :.(2). Mizell +1.0SMe=V: 
w, ved. ml (Mew) yn (Mv) y. Dy, p.w=02D. Prod*D* Py!“ Ssm(yexps) 
Dem. 
+. 116°182 .#115°142 . #87:29.5 
biHp.y=A.qis.5.Prod‘D“fy(M“SsA.yexpd=A (1 
b . #11571. #83°15 «#116181 . > 
Fi Hp. 6=A. 5. ProdsD™ > y MS = fA. yexpd=A (2 
b. (1). (2). #11644. +. Prop 
The above proposition is used in #116°676. 
We have now to prove the three formal laws of exponentiation, namely 
BY X_ phe = prte™, 
, BE XqV™ = (pe XQv)%, 
and (w= wr, 
Of these the first is an immediate consequence of the distributive law, while 
the second and third result from forms of the associative law of multiplication. 


#1165. +: 8ny=A.>.(aexp £) x (aexpy)sma exp(@v ) 
Dem. 

F.#113'191.3 
brHp.qta.d.al “Anal “y=A. 


[#114301] D- cafal KB x cafe | “Cy smea“(a | “Bua t ty). 
3 by 

(*116'14.%113°13] 3. (a exp 8) x (aexpy) sm eat “Bu al ey), 

[*37°22] >. (aexp ®) x (aexp y) sm esa | “(Buy). 


(¥116-14] D.(aexp 8) x (aexpy)smaexp (Bu y) (¢9) 
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b. #116182. Dbra=A.q!@.d.aexpBoA. 

[¥113°114] >. (aexp 8) x (aexpy)=A (2) 
b. #116182. #2456. DFra=A.qi@.d.aexp(Ruy)=A (8) 
F.(2)+(3)- Dkra=A.G! B.D. (aexp8)x(aexpy)smaexp(6vy) (4) 
Similarly Fra=A.qly.2.-(aexpS)x(aexpy)smaexp(Suy) (5) 


F.xl16181,Dbra=A.B=A.y=A.). (cexp ®)x(aexpy)=UAxtA (6) 
F.x1IG181 . DFkra=A.B=A.y=A. dD. aexp(Byy)=tA (7) 
F. (8). (7) «#113611 . #73°43.D 

bia=A.B=A.y=A.).(aexp §) x (aexpy)smaexp (Buy) (8) 
+.(1). (4). (5).(8). 3 +. Prop 


In the last line of the above proof, *73°48 is required because the two A’s 
involved have not been proved to be of the same type. They are in fact of 
the same type, but it is unnecessary to prove this. 


#11651. +.(aexpf) x (aexpy)smaexp(8++¥) 
Dem. 
+. #11619 .*11012. 5+. (aexp @)sm (aexp | A,“s“@). 
(aexpy)sm (aexpAg | ty). 
[«113-13] Dk. (a exp 8) x (aexpy) sm 
(wexp | Ay) x (wexp Ap | ty) 
[110°11.116°5] D+. (aexp 8) x (aexp y)sm 
aexp( LA I“B ude | “i%y) (1) 
F.(1). (#11001). 5+. Prop 


#11652. boy x, pes peter 


Dem. 

b. #11651 . #11022. 

f  (Nyeta)Ne x, (Nycfa)Se'r = (Nyota)Nato Ney a) 
b.(1).#108-2. Db: p,v,a7e NC... pw’ xX.u% = pte? (2) 
b. #116205 . #113-204. > 

brpreN C.D. x pt@=A=prte™ (3) 
b. 4116205 . #118204. 5 

bkin(v,weN,C).D. un" xXpu7=A (4) 
b #1104. 4116-204. Db :n(,aeN,C). Di prtrer=A (5) 
F.(4).(5). Db ia(v, oe NC). D3. py" x, u7 Spr te™ (6) 


+. (2). (8). (6). +. Prop 
The following propositions are lemmas for 
BT X,UT = (u Xan)”. 
The principal previous propositions used in the proof are #115°6 and #116°43. 
The proof proceeds as follows. 
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(aexpy) x (Bexpy) is Prod a | “ry x Prod‘ 4 ‘ty. This, using *115°6, 
a3 
and putting at ; Bt in place of & and S of that proposition, is similar to 
3 
eaB (qe) -zey.mmalex By zt, te. to cxf ((qz).zeyep=de%ax | 2B}. 
3 
Now by #11365, putting R+=R||R Dit, | eax | 2B=( | 2)t(ax 8). 


We now apply #11643, taking ({ z)+ as the M‘z of that proposition, or 
tather, taking (| z)tf(ax 8). Thus we find 


es fi {(qz).zeye w=] s%ax | 2B} sm (ax B)expy. 
Hence our proposition follows. 
#116529. R+=R|R Déb [wl 16] 
In *150, this notation will be introduced as a permanent definition. For 
the present, we only introduce it to avoid ( | 2||Cnv‘ | 2), which is awkward, 


#11653. -iqla.q!@.d. 
(aexpy) x (Bexpyy)sm ea'f ((qz).zey. p=] eax | 2B} 


Dem. 
F.#113:104111.3+ yO Cal -yCde fl. aL ty, 8 f “ye Clstexel q@) 
+ .#113°105. DRiHp.d.(al “Jal Al Pyelol (2) 


ah FS 
RS * 
FrHp.>.(aexpy) x (A exp y)sm ecB ((qz).zey.paalexf | 2} (3) 
+. (3). #882. 5+. Prop 
The hypothesis q!a.q!@ is not necessary in the above proposition; 
but the proof is simpler with the hypothesis, and we do not need the proposi- 
tion without the hypothesis. 


#116031. bs. = R23 (2ey.R=({2) thax A)}.>: 
zey.2,-Mizx(Le)th@x@). Meel+1.dMz=ax ZB 


b. (1). (2) #1156 


Dem + .#T4°772 455-12 «#72184. 9F.(f2)tel al @) 

b.¥2133.Db:.Hp.sey.2:RMz.=.R=(L2)t f@xe): 
[*30°3] D:Me=(Lath@x): (2) 
[(1)6453°122] D:M%el tl.d‘Miz=axPR (3) 


F.(2).(8). 3+. Prop 
#116582. +: Hp *116-5381.q!a.q!@.2.Mel—-»1.d May 
Dem. }.4116°581.#1421.#7116.3+:Hp.>.Mel—Cls qd) 
F.4116581.3b:.Hp.z,wey. Mee Mw.d: 
(Lathaxa=(Lu)th@x 8): 
[«7135] D:Re(axf).D.()2)tR=(Lwt PR: 
[#118101] D:zea.yeR->- (LIT YI D=(Lu)twl- 
[*113:123] | WOLD @la=ylul@l- 
[x55:202] Dizaw (2) 
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F.(2). Dt: Hp.dizwey.Mz=Mw.d.2=w (8) 
b.%116°531 . 1421 483-438. 3+:Hp.zey.d.2eUh (4) 
b.#21°33.5h:. Hp.3:RMz.Ip2-zeys 
[#83°351] D:GRCy (6) 
F.(1).(8) «(4).(5) #7155. +. Prop 
#116533, bs. Hp#116531.3:D “i ‘y= i(qz)-zeyi w=] chax | 2B}: 
z,wey.G!D'Mi2n Di Mw. 3,51 2= 


Dem. 
#116531. Hp.zey.d-DiMi2= DL 2th (ax B)} 
[437-401] =(L2) tax 8) 
[*113°65] =| eax] 2e qd) 


b.(1) 4376. Db: Hp. >. DM y= (qe). zoey. w= | eax | 2B} (2) 
b.#11319. Dkiqh(] eax | 2*B)a( | wa x | wB).d- 
qilean wa. 

[455-232] D.z=w (3) 
F.(1).(2). (3). 3+. Prop 
#116534. +: Hp *116532. 5. e4*D‘ My sm (a x 8) expy 

Dem. 
F . #116°531°532°533 . > 
bi. Hp. Dd: Melo lizwey. qi DM2n DM w.d, 9.25: 

zey.d,.Mzel—»1.d‘Mz=ax B: 
[*116°43] >: Prod‘D“My sm (a x @) exp y: 
[46115°12.430°87 48411] Dz eaSD “My sm (a x 8) exp y:. I+. Prop 
#116535. Fiqta.q!@.3.(aexpy) x (RP expy)sm (ax B)expy 
[#116°53°533°534] 
The hypothesis q!a.%! is not necessary, as we shall now prove. 


#11664, |. (aexpy) x (Bexpy)sm (ax B)expy 


Dem. 
b.#116182.Fra=A.qly.d.aexpy=A. 
[#113114] 2. (aexpy) x (Bexpy)=A qi) 
F.#113°114, *116182.3F:a=A.q!y.3.(ax Blexpy=A (2) 


b.(1).(2). Dkra=A.qly.D.(aexpy) x (6 expy)sm (a x 8) exp y (3) 
Similarly biB=A.gty. 2. (awexpy) x (6 expy)sm (ax A) exp y (4) 
F.#l16181. DFiy=A.D.(aexpy) x (Bexpy)=UAxUA, 


[#118-611.«73:43] >. (aexpy) x (B exp y)sm fA (5) 
F.#116181.3bsy=A.D.(ax Blexpy=UA. 
{(5)] > .(aexpry) x (8 exp y) sm (a x 8) expr (6) 


F .(8) (4). (6) «#116533... Prop 


In obtaining (5), we use «73°43 as well as #113°611, because A’s of different 
types are involved. 
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#11665. bp? x,.vT=(p x, v)7 


Dem. 

b 4116-54-22 . #113222. b. (Nyofa) Ne xq (Nye B) Nev 

= (Nyc‘a x, Nyt) Noy qd) 
F.(1) «1082. Dkr p,y,weN,C. Dd. pt Xv =(u Xv)" (2) 
F #116205 . 4119-204. Db: rv NiO. Ds ut Xgp7 = A= (ue Xyr)™ (3) 
b 116-205 . #113°204. Db ra(y,ve NiO). Dep Xepv =A (4) 
F . #113:204, #116204. Db iw (uve N.C). 2. (uxXv7=A (5) 
F.(4).(5)- Dhkin(pveN,C).D.u™ x, v7 =(w X_v)7 (6) 
b.(2).(3).(6)- D+. Prop 


This completes the proof of the second of the formal laws of exponentiation. 
The following propositions are lemmas for the third of these laws, namely 


(pry? = prrer, 
#1166. biqia.>.aexp(8xy)sm Prod‘Prod“a | “8 } fy. 
a 3 
ad “8 | “ye Cls'arithm 
a” ed 


Dem. 
as 
F. #113105 . x8458 -. #113111.3+: Hp. Deal “8 | “yeClstexel (1) 
F . #40°38 . Dr .sfal “Bl “y=al “s°B | “Ny (2) 
a a Ee] ” 
[#113°111] DI. sa 8B | “ye Cls? excl (3) 
a 
F.(1).(3)-#1152. Ob: Hp.d.a + BL ye Cls* arithm (4) 
3. e) 
b. 4118-141. «116-19. 3+. Ne‘{a exp (6 x y)} = Ne“{a exp (y x f)} 
[(#116°01.#113-02)] = Ne‘Prod‘a | “88 | y 
a a 
[(2)] _ Ne‘ Prod‘s‘a L BL Gy 
[¥115-35.(4)) = Ne‘Prod‘Prod‘‘a 4 8 4 fy (5) 
c. 3 
F.(4).(5). 3+. Prop ; 


#116601. F.|(Cnv’ | z)el—> 1 [474-774 . 72-184] 


#116602. + 1. M= R2[2ey.R={|(Cnvé{ z)jef (aexp8)].>: 
zey.2.M%e={|(Cnv‘ | z)fef (aexp 8): May 


Dem. 
b. #2133. 
bi:Hp.D:i.zey.3:RMz.=.R={|(Cnv‘ 1 2)}-f(aexp 8) ql) 
b.(1).4808. 3b Hp. Dizey.d.Me={|(Cav' djef(aexp8) 2) 
b.421°33.433'131. Dh: Hp.>.d' May (3) 
+. (2).(3). DF. Prop 


#116603. | :. Hp #116°602.3:zey.3.0'Mz=aexp8 
[*116-602 . 437-231 . #35°65] 
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#116604. + :. Hp #116602. 3: zey.3.D‘Mie= Prod‘a J «8B 4 z 
Dem. 
+ #37401. #116602.) 
tiHp.zey.3.D‘M% ={|(Cnv‘ | z)}e“(a exp @) 
[#115°4.%116°601.443:301] = Prod‘{|(Cnv‘ | z)}e“a L «B 
[x113-125 F 4507516 |] =Prod‘a | «| 28 
[%88°2] = Prodfal “@| 2: 3+. Prop 
Ld a 
#116605. + :. Hp #116602. 3:zey.3. Mizell 
Dem. 
+. #116°601 . «72-451. 
Fe {|(Cnvé | z)}ef Cs |(Cnv‘ J z)el—l. 
[#43301] DF. {|(Cnv‘ | z)}ef(aexp@)elal (1) 
F (1). 4116602. D+. Prop 
#116606. | :. Hp *116-602.qla.qi@.o: 
Mel—w1:z2,wey.DM2=DiMw.d,4.2=0 


Dem. 
+. #116602 .#14-21.3+:.Hp.3:zeC‘M.3,. Et Me: 
[#7116] >:Mel—>Cls qd) 


b.*8037. Dt: Hp.dizwey. Mz=Mw.>.DiM2=D‘ Mw (2) 
F.#116604.3+:. Hp.dizwey. DiM'z=D'Mw. 9. 
Prod‘al “@Jz=Prod‘al “Blw. 
” a ” tea 


[#80°87} >. s‘Prod‘a | “B be = sProd‘a L “8 t Ws 
cI 
[#116°171.%115°141.(#116-01)] 3. staf “BY z=s'a 4 “By Ws 
[*113-1] 2 Blexa=Blwxa. 
[#113182] >.Bhz=Blu. 
a Led 
[#113-105.Hp] 2.z2=w (8) 


+. (1). (2). (3). #7155 . #116602. +. Prop 
#116607. b:.Hp«116602.qla.qi8.2: 

Mel—+1.D“M ‘vy = Prod“a | “8 L ys 

a” 3 

2,wey.DSMZ=D'Mw.d,.2=w? 

Zev. Dee Mizell 1.0 Mic =aexp 8 [x116:606'604605'603] 
wAlG61. Fiqla.qi@.>. Prod‘Prod‘a { aye) 4 “y sm (a exp 8) expy 

3 
[x116-607-43] 


¥116611. Fi qla.q!if.d.aexp(6xy)sm(aexp A)expy [*1166-61] 
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*11662. |. aexp(@ x y)sm (aexp 8) exp y 


Dem. 
#116181. 4118°114.2b:8=A.D.aexp(Bxy)=UA (1) 
F.#116181. Iki B=A.D.(aexpf) expy=(t'A)expy (2) 
+. #116-33-25. Dk. No {(etA) exp y}=1 (3) 


F,(1).(2).(8)-#52'22.4100°31,3h:8=A.2.aexp(@xy)sm(aexpA)expy (4) 
F .#113°107 . #116182. bra=A.qif-qly.D-aexp(@x y=HA (5) 
+. #116182. Deia=A.qiP.Gly.D.(aexpRyexpy=A (6) 
£.(5).(6).Dk:a=A.qiP.qty.d.aexp(Axy)sm(aexpA)expy (7) 
b, #119114. #116181. try=A. >. aexp(8xy)=UA.(aexp®) expy=t'A, 
[#73-43] D.aexp(@ x y)sm (aexp A) expy (8) 
F.(4).(7) +8) Dna=A.v.B=Aiviy=ArDd. 


aexp(@ x y)sm (aexp 8) expy 9 
+. (9).#116611. 3+, Prop 7 7 ” 


#11663. . u9%o7 = (y")™ 
Dem. 
b . #118°222 . Db. (Nycfa)NocB8Xo Neo'y == (Nota) Necexn 
[%116°222.(#116-04)] = Nc“{aexp (8 x y)} 


[116-62] = Ne‘{(a exp 8) exp y} 

[#116222] = {Nye'(a exp B)}Nr'y 

[xe] 16-222. (116:08)] = {(Nye’ex) oo} Novty qQ) 
b.(1).#*108°2, Dhr py we NC. dD. por = (pr) (2) 
F .€116'204-206 . Dhin(uveN,C).d.(w)7=A (3) 
b . 113°205 . 116°204205 . DE ie (p,ve N.C). Di preraA (4) 
b.#116:205. DkraveN,C.D.(wyrad (8) 
b #113205 . #116204. DF: anveN,C.3.w%taA (6) 
F.(3).(4)-(5)-(6). Fim(y, vp, weNC). >. p%o™ = (p")™ (7) 
b.(2).(7). 2+. Prop 


This completes the proof of the third of the formal laws of exponentiation. 
#11664. (ur)? = (pt) [#11663 4113-27] 


#116651. FQ eCls 1.x Clstexcl. >. es§ Pa Q@‘xsm PaSQ sx 


Dem. 
b.48453.5+:Hp. >. Qf‘ e Cls*exel. 


[485-43] >. x PyeQeeam Pale Qie. 
[*40°38] D. caf Ps Qe 3m Pa Qs'e 2D. Prop 


#116652. b: QeCls—+ 1.x Cls*excl. >. ea‘ea Qe“ sm e4(Qs"« 


en] &: 
[s116 651 7 
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The following propositions are lemmas for *116°661, which is an extension 
of #116°52. 
#116653. |: «eClsexcl.3.a t «Ce ¢ Cls* arithm 
Dem. 
F. #113105 .¥84°53.3b:Hp.q!la.I.af “ee Cls*excl (1) 
F. #113111. Dhk.al “see Cle’ excl. 
[#40°38] DF. re 4 Ce ¢ Cls* excl (2) 
F.#1IS1IZ113. DbnasA.diBex.qif.d.al “BauA: 
Bex. B=A.> 1a} B= (3) 
F.(8). DhraHA. Drala Cua vita; 


[#2443561] 2 ip wead Ce glipag.Ddip, celta, 
[#5115] D.p=c: 

[*84°11) Pr at Ge  Cls? excl (4) 
F.(1).(4). 3: Hp.d.a] “‘« ¢ Cls* excl (5) 
F.(2).(5). D+. Prop A 


#116654. |: «e Cls?excl . >. {Prod‘(a exp) «} sm {a exp (s‘x)} 
Dem. 


£43813 . (#11601). Dk. Prod‘(aexp)“« = Prod‘Prod‘a | « (1) 
” 
b. (1). #116653 . #11534. 5 
b. {Prod‘(aexp)‘‘«} sm {Prod‘s‘a t eg} (2) 
3 


(2). #40°38 « (#116°01). 5+. Prop 
#116655. bs xe Cls*excl. >. IINc“(aexp)“« = (Ne“a)*Xe« [*116°654] 
This proposition is an extension of #1165, 


The hypothesis « ¢ Cls?excl is unnecessary in the above proposition, as we 
shall now prove. 


#116656. bt: qlaexpRnaexpy.>.@=y 
Dem. 
b. #11611 .*52:16.> 
bi. we(aexpP)n(aexpy). IiyeR.D.(qu) cea wlyepiwCyxa: 


[#113101] DiyeB.d.(qe).wea.clyepial yep.d.yey: 
{Syll] DiyeB.d.(qr).vea.clyew.yey- 
[{*10°35] D.yey qd) 
Similarly Fi. weaexpBnaexpy.Diyey-I.yeR (2) 


F.(1). (2). F. Prop 
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#116°657. + .(aexp)“«eClsexel [*116'656] 
#116°658. | .cexp(e T 8)={|(Cnv‘ | A)}e(a exp 8) 


Dem. 
F . 116°602°604 . *87°401. 54. {|(Cnv‘ | P)}e“(a exp 8) =a exp (Bt B) 
[*85'601)} =aexp(e] @).3+.Prop 


#116659. 7 =d2 {(q8). Bex. peaexpB.v=|(Cnv' | B)“u}.>. 
Te (aexp)e J “x Sm 3m (a exp)‘« 
Dem. 
+. 404. Db: Hp.d.d‘7=s(aexp)« (1) 
b.#21:33.32b:.Hp.divZp.aTyp.d. 
(GB, 7)» Bye. peaexph.menexpy. 
v=|(Cnv‘ | 8) uw. a =|(Cnvé |v) “pn. 
[#116656] D.(q8,7)-B=7-¥=|(Cav‘ | 8) uw. o=|(Cavé | yu. 
[*13°195] J.v=0 (2) 
b.#2133.3+:.Hp.dialp.aTv.d. 
(qB,y):B,yex.pecexp B.veanexpy. 
a =|(Cnvé | 8)“u=|(Cnvé | 9). 
[#116°658] 3.(qB,y): Bye. peaexpB.veaexpy. 
w=|(Cav' | Bp =| (Cav! | 7). 
meaexp(e] B)naexp(e]y)- 


[+116°656] D.(qB,y). B,yew-|(Cnv! | 8)“u=|(Cav'] y)v. 

el 8=ely- 
[*85°601]} >. (gq). Bex.|(Cnvé | B)“p=|(Cnv' | 2). 
[#116601.472-441] D.p=v (3) 
F.(2).(8). DE:Hp.d.Tel—l (4) 
F. #116658. D+: Hp.3:Gex.>. T(aexp 8) =a exp(e] 8): 
[*37°69] Dd: Te(a exp) «x =(aexp) eT “x (5) 


F.(1). (4). (5). #1111. 5+. Prop 


#11666. +. Prod‘(a exp)'« sm {a exp (2‘x)} 

Dem. 
F. #116659. *115°51. 5+. Prod‘(aexp)‘«sm Prod‘(a exp)“‘e J “« (1) 
fb. #85°61 . #116654. Dt. Prod‘(aexp)e J «sm {a exp(s‘e [“x«)} (2) 
b.(1). (2). #1121. 5+. Prop 


#116661. |. UNe‘(aexp) a =(Neta)28 [1 16°66°657 . #11512. #112101] 
This proposition is an extension of #116°52. : 
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The following propositions are concerned in proving #116'68, which is an 
extension of #116°54, where the a and 8 of that proposition are replaced by 
the members of a class x. 


#11667. + pad {(qa)-aex raw | My} »D:«e¢ Clsexcl. >. peClsarithm 
Dem. 
b.#203.3F:Hp.A,wep.qirnu.d. 
(aa, 8).4,Bew.r=al My p= Ady. gina. 


[*37-6] 2+(W%, B,2,w).a,8ex.zwey.ale=—Blwr=al My. 
a3 2 
B=BY My. 
[#55°262.%38°2}9.(qqa, 2,w)-aex.z, wey. Amal “My. pool y, 
[e13172] Dep (1) 


F.4876. 44011 .3 
F;Hp.&,nesfp.qlEag.d. 

(G4, 8, 2,w).a, Benz wey E=ale.q=Blw. grin Ne 
[¥56'232.#58'2]9 «(qa 8,2).4,hex-zey.E-alz.n=Bhz.qtang (2) 
b.(2) 48411. 3 
Pip. x«eClstexcl.&mestp.Gtinn. «(qa 8,2). E=al an=Bl 2.a=8. 
[418195172] D.E=n (3) 
F.(1).(8). +. Prop 
#116671. bi.c =f [(qz). sey. p=] 2x}. 3: Hp*ll667 .D.s‘p =s'o 

Dem. 


b.#4011.5+ 2. Hp #11667.5:Fes'p.=.(qa).aex.Feal “y. 
7 


[*38'3] =.(qa,2)-aex.zey.€=] 2a, 
[#37°103] =. (q2).zey- Fel ax. 
[#4011] =. Fes Bl(qz).zeyepad oe} s. 


D+. Prop 
#116672. |: Hp *116°671. «6 Cls* excl. Amex. 2.0 € Cls’ excl 
Dem. 
+.#871038.>D+:Hp.wjver.qiwav.d. 
(q2, w, a, B).z,wey.a,Ben. |) ea=lwp. 

wah caval wp. 

[#55°262] >. (Wz, w,0).2,wey.aen. | a=] wa. 
; wabe“ar.ve | wha, 

[4118°105.#838-2.Hp] 3. (qz,a). w= | eave] cia. 
[*18-172] D.w=vi dt. Prop 
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#116673. | : Hp #116672 .5. es(exp y) «sm esfeao 


Dem. 
F #38181 . (#11601). ext(oxp y)M« = eat (qa). wee. E=Prod’ad “y} 
[487-6] = cafProd“h (qa). ex X=aly} (1) 


b. (1) «115-33 . #11667. 
k: Hp. >. ea‘(exp y)' sm ea‘s‘h (qa) -aexsr=ad “y}. 


” 
[#116°671] >. ca(exp y)« sm ea‘s‘o 
[#85°44.%*116°672] D. ea“(exp yy)‘ «sm eaea‘o s DE. Prop 


#116674, bs. M=R2(R=({2)||Cav(] 2) -D+ 
(2). Mize 11. D( M2) f cake = eat | afr 


Dem. 
F. «303. Dt:Hp.d. Me=( | 2)||Cnv( 1 2 (1) 
b.#72°184. ¢111-14. 3b.) 2pee( | 2%) Sm MK. 
[#11451] DE.{ Lz||Cnv( | ze} Peake e (ea’ | 246%) Siti (eae) (2) 


b.(1).(2).#7808. DF. Prop 


#116675, + :. Hp #116674. Sse. Dg! (Mw) “eala a (M0) cate Dowd 


Dem. 
+. #116674. 3b: Hp. Dig! (Mew) ea’ nm (Mv) eae Ds 


ales’ | wien esf | oes 


[#8032] D- bw = | oe. 
[*40°38] D.f wste= | vale. 
[¥118°105.%38'2] D.w=v:.I+. Prop 


#116676. | : Hp *116°672°675 . >. Prod‘D[ (ea‘x) My sm (eae) exp y- 
DP (eae) Mey = eno 


Dem. : 
€ 
F. ¥116674675 . #11645 =" > 
bk: Hp.). Prod‘Df (eq‘) My sm (ea‘x) exp y (1) 
b. 4116-674. 3b: Hp. dD. DP (cake) My = [(qz)-zey- peat | 26x} 
[#37-6.Hp] = ea''o (2) 


b.(1).(2). D4. Prop 


#11668. +: «e Cls’excl. >. ca‘(expy)x 5m (es'e) exp y » 
TNe‘(exp y)« = (IINe‘«) Nev 


Dem. 
b.115°12 , #8455. +. Prod‘ea“o sm es‘eao (1) 
b. (1) .116°673-676 . > 
biHp.Anen.qiste. >. ea(exp y)“«sm (eae) exp y (2) 
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b.#53'24. Dkr Avex wats. InaA. 


[#83°15.4116'33] D. es(oxpy)e =A. (eate)expyel. 
[*73°45] >. es(exp y)« sm (ea‘x) exp ¥ (8) 
f. #8311. #116182. DF: Ace. qly-D.esSe=A.Ac(expy) x. 
[4116°182.483-11] D.(eate)expy=A .ea(expy)“e=A (4) 
b.¥l16181.Dk:Aex.y= A.D. (este) expy=UA (5) 
F.#116181.3hiNexsy= A.D. (expy)fes ura. 

[#8341] D.ea“(exp y)“«sm uA (6) 
Fi (4). (5). (6). DE: Nex. D. es%(exp y) «sm (es'e) exp y (2) 


4 (2).(8). (7). #1141. #116-25 . +. Prop 
The above proposition is an extension of #116°54'55. 


The following propositions are lemmas for 
Ne‘Clfa = 2Ne, 


The proposition and its proof are due to Cantor. 


#1167. F.Nof{(A uefV) fa}afa= Ne 


Dem. 
bix241 #1013. DE. NeM(atA vu fV) = 2 ql) 
b.#11615.Db.Neot{(itA vtV) f ajafa= Nef{(iA vu UV) exp a} 
[116-25] = (Nef(ufA u utVy}Ne* 
rea) = 2Nee D+, Prop 


In this and following propositions, the class u‘A v eV is introduced solely 
as a known class consisting of two terms. Any other class of two terms will 
serve equally well. 


€ — 
eIIGTL fs Re (fA ve'V) fajaa.d. RV =a- RA 


Dem. 
b.#11612.5+:Hp.>.Rel—Cls.D‘RCiUA vitV.d‘R=a_ (1) 
[*87-271] D.a= RUA VV) 
ej €& 
[*53°302] =RAVRV (2) 
- ¢€& 
b(t). #7118. 3b: Hp.d. RAn RV=A (3) 


F.(2).(3).#2447. DF. Prop 


#UIGTLU. FB, Se (KA VV) False RAH SA.D.R=S 
Dem. 
bexl1O71. Db: Hp.d. RV=SV (1) 
b (1). #11612. bi. Hp. diyeD‘Ru D'S. d,. Rey = Sy: 
[#33°48] 3: R=S:.5+. Prop 
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& 
#116712. F:. T=BR[Re {eA ve'V) false. = RA].Os 


e 
* Re (UA vv) ft alafa. de MR= RA OL = [A ve'V) F ahafa 
em. 


e 
F. #2133. DF: Hp. ds. Re {tA verV) fajaa. Dt eTR.=,.p= RA: 


[#303] 2:7 R= RA qd) 
F.(1). #1421. 3h: Hp. 3: Re {tA vilV) Pajaa. 2. EIR. 

[33-43] >. ReGT (2) 
F. 21:33. #33°1381.3b:Hp.d. 0°07 {A ve'V) fF alafa (3) 


F.(1).(2).(3). DF. Prop 
¥116-713. f: Hp#116-712.5.Tel—l 


Dem. 
F.#116-712.41421.3+:.Hp.3:ReA7T.9.EITR: 
[*7116} 3:Rel>Cls () 


F.xLIGTI2711. Dk: Hp.d:RSeAT.TR=TS.2.R=8 (2) 
F.(1).(2).#7155. DE. Prop 
116-714. | : Hp ¥116-712.neCla. R=92 (y=A.vep.v.y=V.cea-p}.d. 


Re {tA vi'V) Fataa.p= TR 
Dem. 


F, #21°33.483'13. Dh:s. Hp. diyeD‘R.d.yet Aviv (1) 
F.4«2133 .483'131. 52: Hp. dive O° R.=: 
(qy)iqy=A.vepiVi.y=V.icea—pi 


[#10°42.41319] =: cep.V.vea—ps (2) 
[*24411.Hp] =:aea (3) 
F .#2133.4303.3b:Hp.divep.D,.Rae=A:xvea—p.d,.Rae=V: 
[(2).#1421] DiweC'R.D,. EIR: 

[*71°16] 2: Rel Cls (4) 
F .#21:33. Dri Hp.dnyHA.diyhe.s,.cept 

[82/181] 2: Ry= B (5) 
b.(1). (8). (4). #11612. DF: Hp.d. Re (UA ve'V) Pataca (6) 
F.(5). (6). #116712. Dk:Hp.d.p=lR (7) 


F.(6).(7). DE. Prop 
#116715. +: Hp #116712. >. D*7=Cl'a 


Dem. 

b. #116714. ¥33'43.3+:Hp.>.ClacD7 (1) 

F. #2133 . 33°13. 5 _ 

fi. Hp.D:peD7.3.(GR). Re (A vu) false. p= RA. 

(#33°151] 2. (GR). Re {Av 'V) Fajae.pCaRr. 

[*80°14] D.pCa (2) 

F.(1).(2). 3F. Prop ; 
11—2 


164 CARDINAL ARITHMETIC [PART III 


#11672. +. Ne‘Clfa= 2% 
Dem. 
b.¥*116°712°713-715. DF. Clasm {(t'A vt) F ahata qd) 
b.(1).#1167. DF. Prop 
41168. b. BI(p fo) =sCl(o x p) 
Dem. 
+ .x602. Db Res“Cl(o xp). =: (qr) ACoxp.R=sX: 
[x113'101]=: (qd): Per. Dp.(qa,y).vep. yer. Paaly:R=8nX: 
(H4111] =:(qd): Per. Dp. (qa,y).vep.yer.P=aly: 
UR» Hy, 9-(GP).Pedr.uPv: 
[#1056] D:uRv.du,0-(quy)-vep.yer.u(ely)v: 
[#55°13] DiuRv. dy» uep.vec: 


[#85108] D:REpfo ql) 
F.*35°103 .*113°101 .3 
b:REpto.r=Pi(qa,y).oRy.P=a2ly}.2.xCaxp (2) 


Fe x41°11 . #13195 23 
bi. Hp(2).2:u(sr)v. =. (qa,y).cRy.u(ely)v. 
[#55°13] =.uRv (38) 
b.(2).(8)- Db: REpfa.d.(qrn).rACoxp.R=8r (4) 
F.(1).(4). Db. Prop 
*11681. + .8fCl(oxp)elml 
Dem. 
bie4l 18. 3b ia, BeCl(ox p). Saas Bialyea.dDialy Cap: 
[41-11] Di(qP).PeB.alyGP: 
[*113:101.Hp] >: (qP,u,v).-PeB.Psulv.clyEulo: 
[#55°184°34] Di(qP,uv).PeB.P=ulvicly=ulo: 


[1317213] Dial yeB qd) 
Fay Be.> b:a,BeCl(o xp). sa=sB.alyeB.d.alyea (2) 
b.(1).(2).#118101. DF: a, BeCl(a xp). sa=sB.2.a=8 (3) 
b. (8) #7155 .#72°163 . DF. Prop 

#11682, +. RI(p fo) sm Clo x p) [¥1168:81] 


#11683, F.Ne'Ri(p to) =2Nex.New [4116-82-72 , 113-25] 

#1169. b:Neta=p.d.Net%e=% [11672 . *63°66] 

#116901. +: Ne%fa=p.D.Neta=2  [%116'72. *63°65] 

#11691. bi Ne‘tfa=p.d.Ne%o'a= 2 [*116°83 .x645°11] 

#11692. b: Net fa=p.d. No ta = 24%", Nota = 2%." . ete, 
[4116-83 . #64°16 . #116°901] 


#117. GREATER AND LESS 


Summary of *117. 


A cardinal p» is said to be greater than another cardinal » when there is 
a class a which has » terms and has a part which has v terms, while there is 
no class 8 which has v terms and has a part which has y» terms. The relation 
“greater than” is transitive and asymmetrical; and by the Schréder-Bernstein 
theorem, if » is greater than or equal to », and v is greater than or equal to 
», then »=v. But we cannot prove that of any two cardinals one must be 
the greater, unless we assume the multiplicative axiom. The proof then 
follows from Zermelo’s theorem that on that assumption every class can be 
well-ordered. This subject will be dealt with at a later stage. 


The form of the definitions is so arranged as to allow of the inequality of 
two cardinals in different types. The relevant considerations are the same as 
for the definitions of addition, multiplication and exponentiation. 

Our definition of “p> v” is 
#11701. p>v.=.(qa, 8) p=Noca.veN es. 

qiClan Ne‘B.~g!ClBaNe‘a Df 

We also define “2 > Ne‘a” as meaning “yz > N,c‘o,” and “Ne‘a > »” as 
meaning “N,c‘a > »y,” for the reasons explained in #110. It then easily 
follows that if > v, » and » must be homogeneous cardinals (this is part of 
*117-15); that if ~ and y are homogeneous cardinals, and ~ >», the same 
holds if we substitute sm“ and sm‘‘y for one or both of » and v (#117°16); 
that : 

#11713. +: Ne‘a>Ne'B.=.q! Clan NeP wg! Clin Nea 
and that 
11714. bip>v.=.(qa,8).p=Nea.v=NiecoB. Nea > Nes 

We cannot define “p> vy” as “p> v.v.p=v,” because “z=” restricts 
» and vy too much by requiring that they should be of the same type, and 
restricts them too little by not requiring that they should both be existent 
cardinals. To avoid both these inconveniences, we put 
#11705. pDv.sip>v.v.pveN,OC.p=smv Df 

The use of this definition is chiefly through the propositions 
#117-108, | :. No‘a > Ne‘f.=: Ne‘a > Ne‘B.v.Ne‘a=Ne‘p 
#11724. bip pv. s.(qa,8).poNca.vsNecB.NeasNeB 
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In *117-2, we repeat the Schréder-Bernstein theorem (*78-88), which is 
required in most of the remaining propositions of this number. It leads at 
once to the propositions 


#11722. biqiClan NcB.=.NeaSNes 

(which practically supersedes the definition of “ >”) 
#117221. bs Nefa>Ne'B.=.(qp)-pCa.psmf 
#117222. §:8Ca.3d.NeapNese 

#11723. +: Ne‘aD Ne‘@.Nc‘BS>Ne‘a.=.Ne‘a=NeB 

This last proposition may be called the Schréder-Bernstein theorem with 
as much propriety as *73°88; the two are scarcely different. 

If we now revert to the definition of 4 >», or to *117-18, and apply 
#117'22, we see (¥117-26) that “Ne‘a>Nc‘8” may be conveniently regarded 
as asserting Ne‘a > Ne‘8.~(Ne‘8 > Ne‘a); in fact, the best ideas to work 
with are > and its converse <, which for practical purposes we regard as 
defined by *117°22, and from which we derive > and <. The relation > 
will be the product of > into the negation of its converse; this holds for » 
and v (#117'281) as well as for Ne‘a and Ne‘g. 


#117'3°31 constitute an important use of *110°72, namely to prove that 
one existent cardinal is greater than another or equal to it when the first can 
be obtained by adding to the second (where what is added must be a cardinal). 
That is to say, we have 
41173. +: Ne‘aSNe8.=.(qa).ceNC.Nea=NeSt,o 
M1731. bi Dv.stpveNC:(qa).aeNC p=rvto 

*117-4471 are concerned in proving that > and > are transitive, that 
> is asymmetrical (#117'42), and allied propositions. 

Our next set of propositions is concerned with 0 and 1 and 2. We prove 
that a homogeneous cardinal is whatever is greater than or equal to 0 
(#117501); that a homogeneous cardinal other than 0 is whatever is greater 
than 0 (#117°511); that a homogeneous cardinal other than 0 is whatever is 
greater than or equal to 1 (#117°531); and that a homogeneous cardinal 


other than 0 and 1 is whatever is greater than 1 (*117°55), and is whatever 
is greater than or equal to 2 (#117°551). 


We next prove a set of propositions concerning = which have no analogues 
for >, except when the cardinals concerned are finite. Thus e.g. we prove 
#117561. ip Dv. aeNC.d.pt.certo 

If we substitute > for >, this no longer holds. Thus eg. put p=2, v=1, 
@=N, (cf #123); then p>», but p+,~a=vt+,e=a. Similar remarks 


apply to the analogous propositions (#117°571'581-591) on multiplication and 
exponentiation. 
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We prove next that a sum is greater than or equal to either of its sum- 
mands (*117°6); that a product neither of whose factors vanishes is greater 
than or equal to either of its factors (*117°62); that, assuming p» and » are 
existent cardinals, then if they are neither 0 nor 1, their product is greater 
than or equal to their sum (#*117°631), and if w is neither 0 nor 1, then 
BY > w X_v (#117652). 

The last important proposition in this number is Cantor's theorem 
#117661. bi:peNC.3.2%>p 
which follows immediately from #102°72 and *116'72. 

The propositions of this number are much used in the following section, 
on finite and infinite. 


a11701. pov.=.(qa,8).p=Nieta.v=N ccs. 
qiClanNc@.~qiCl*@aNea Df 


¥*11702. p> Ne‘a.=.p>N,cia Df 
*11703. Nea>v.=.Nicfa>v Df 
#11704. pv.i=.y>p Df 
e11705. ppv.=tp>v.vieu,veN,C.p=smy Df 
¥11706. pdv.=.y Sp Df 


The analogues of *117°02°03 are to be applied also to *117-0405-06. 
aLITI. bip>v.s.(qa,8).p=Nicka.veNetp. 
WiClan Ne&B.~w~giClBaNea [(*117-01)] 


#117101. F:p > Ne'B.=.np>NekB [(#117-02)} 
4117102. F: Nefa >v. =. Nieka>y [(*117-03)] 
4117108. Fip<v.s.y>p [(«117-04)] 
4117104. Fi.poev.=ip>v.venjveN,C.~=smv [(*117-05)] 
#117105. F:p<v.s.y Dp - [(*117:06)] 
#117106. : Ne‘ > Ne‘B.=.N,cka > NickB [#117°101-102] 
#117107. F: Ne‘aSNe‘8.=.N cae Nets 

Dem. 
F.*117°104°106 . 3 
Fi. NefaSNe'8. =:Nic'a > N,c'8.v.Nea, Ne“Be N.C. Ne‘a=sm“Ne‘B: 
[#100-511.*103-22} = : Nica > Nyo‘8.v. Ne‘a, Ne‘BeN,C.Ne‘a=Ne‘B: 
[*103°16] =iN cta> No‘8.v.Nefa, NeBeN,C.Nea=Nc'8: 
[*103:21] 2: N,cfa> Nyets.v.NceBeN,C.Nea=N, ce: 
[#10316] =:N,cfa> Ni efB.v.NeBeN,C.N cka=Ne@: 
[*103-2] =:N,cla>N,cf8.v. Ncia= Nee: 
[*103-4] =: Nota > NeB.v.Nea=sm“N ee: 


[#103-21.4117:104] =: N,cfa >N,c'8:. DE. Prop 
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#117108, + :. Nea > Ne'B. =: Ne‘a > Ne‘8.v.Ne‘a=Ne‘@ 
[*117°107-106:104 . *103°16°4] 


xlI711. tiasme’.famf’.I:q!ClanNcs.s. ql Cl*a’ n Nes" 
Dem. 


#100321. Fs. Hp. Dr 9! Clta’ a Ne@. =. ! Cla! a Ne“@’ qd) 
b.#73-21.D 
b:Rel—1.D‘Raa.0R=d .yCa-yeNcs.d. 

Ry Ca’. Rye NofB. 
[*60°2] 3. q!Cl*a’ a Ness (2) 
F. (2). *10°11-28°35 .#73+1.D 
Frasma’. qi Clan Nef. D.q! Cla’ a Nee (3) 
bays, Dkrasma’.q!Clfa’ a NetB.D.q! Clan Nets (4) 


£.(8).(4). DEi.asme’.D:q! Clan NeS.s.q! Cla a Nekp (5) 
F.(1). (5). 34. Prop 


#11712. bin >v.=tpveNC: 
yew. Ser. ys Gi Clon Ned. wg !ClSa Novy 
Dem. 
F.axlI7111.5 
bin p>v.ss(qa,B)tp=Nefa.v=Netp.q!Clan Ne B.~q!Cli'Ba Neva: 
yee dev. Dy5 Gl Cy a NoS. vq i Cla Nefy: 


[K108-12] =:(qa,8):4=Nica.v=NeB.acu.-Bev.q! Clan Nef. 
wg lClBaNefa: 
yew Sev. Dy5e Gl Cla Ned. oq! Ciba Nefy: 

(*10°35] =:(qa, 8): u=Ni cla.v=NeiB.aepeBevt 


ye ee dev.DyseG! Oly a Ned. oq! Cl3a Nety: 
[#103 12-2}=:p,veN,Cryep. Sev. yg. Gl Cloyn Ne. wqiCléaNefy:, 
DE. Prop 
#117121. bs. >v.Sty,veNC: 
aep.D.- (GB). Bev. qi ClanNeB.~g!ClBa Neva 
Dem. 
F.xel17111.3 
bi p>v.=3(qa,B):p=Nea.v=NetB. qi Clan Nef. 
wg lCl’Ba Nefa: 
YE fe Dy (8) Sev. Gl Cl*yn NeS. oq! Clon Ney 
[+103-12.410°55] = : (qa, 8): p= Nycla.v=Nic'B.aep: 
yep. D,. (qd). der. q! Clon Ned. oq! Cl n Ney 
[%103+12-2] =SipveNC:yep.2,.(qd).dev.q!ClyaNcs. 
~q!ClS a Nefy:. +. Prop 
The above proof is given shortly because it proceeds on the same lines as 
#11712. In applying «10-55, the da of that proposition is replaced by a¢ p, 
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and the ye is replaced by 
(q8)-Rev.q! Chan NeB. ~ q! Cla Ne‘a. 
#11713. +: Ne‘a> Ne(B.=.q! Clan NeB. oq ICA n Neva 
Dem. 
F.#*117°106.5 
Fs. No‘a > NoiB.=: Nic’a > NickB: 
[103°'2.4117'12] SiryeNofa. Se Ni c'B-y,s° 
giCl*ya NcS.~ qi Cl8n Nefy: 
[#100°31 4117-11) =: eNicfa. de NckB. Dy,3+ 
qiClan NeB.ngqiClBa Nea: 


[*10°23] a:q!Nefa.qiNcs.2. 
qiClanNcB.~q!ClB a Nema: 
[*103:13] =iqiClan NeB. ~g !ClB an Ne‘a:. DE. Prop 
#11714. Fip>v.=.(qa,8).p=Nea.v=N eB. Nea > Ne‘s 
[#117°1:13] 


M41715. Fip>v.=.pveNC.qisCi asm. og !sCloasm™ py 
Dem. 
+. «108-4 .41171.3 


Fup >v.=:(qa8).p=Noeoa.v=No8.q!Clansmy. 
~q!ClBasm“p: 
[*103'2:26] sip,veN,C:(qa,B).aep.Bev.qiClansmy. 
wg !ClkBasm“p: 
(«1 17-11] =ip,veN.C:(qa,8).aeu.Bev.qiClansm“y: 


Sev. D3. vq !ClEnsm“p: 
[#103:13.*10°51] =: p,veN,C:(qa).aepn.q!Clansm ry: 
~(qS). Ser. Gi Cld asm “py: 
[40°4.%602] =rpveN,C.q!s‘Cl“pasm%y. 
wqlsClya smn: DF. Prop 
The advantage of this proposition is that it expresses “» > v” in terms 
of » and y alone, without the auxiliary a and £ of the definition. 
#11716. bie yjveN,C.dip>7.5.sm"“p>v.5. p> am“. S.8m" p> omy 
[¥117-14. 103-4] 
41172. brasma’.@sm’.8' Ca. CR.Dd.asm@ [7388] 
This proposition (which is the Schréder-Bernstein theorem) is fundamental 
in the theory of greater and less. 
#11721, big t!Clfan NeB.q!Cl'Bn Nea. Dd. Nea= Nes 
[*117-2 . #100°321] 
#117211. b:qtClfan Nefs.q!Cl*8a Ne‘a.=.Nea=NeB 
Dem. 
+. *100°3 . #6034. 5: Ne‘a=Ne'8.D.ae Clan Ne‘B. BeCl'B an Ne‘a nt) 
b.(1).#117-21.3+. Prop 
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#11722. iq! Clan NeB.=. Nea Ness 
Dem. 
F. #117138. Dk:Hp. -qiCl*@n Ne‘a.=.Nofa>Ne‘B (1) 
b. #117311. Db: Hp. q!Cl8 n No‘a.=.Nefa=NesB (2) 
F.(1).(2).*117-108.3+ . Prop 
#117221. b: Notas Ne'B.=.(qp)-pCa.psm@ [x117-22. x60-2.#100'1] 
4117-222, ts 8Ca.d.Ne‘a pS Nee (#117-221] 
#11723. +: No‘at No'8. Ne > Ne‘a.=.Nefa=Ne8 [#117:211°22] 
#11724. Fippv.s. (qa). p=Noeta.v=NecP. Nea > Ne'B 
Dem. 
bal 1710414. 3b. poev.=: (qa, 8). p= Nocfa.v=NycfB. Ne‘a > Ne‘@.v- 
(qa, 8B). p=Nefa.v=NcB.p=smv: 


[*103-4.#13'193] =:(qa,8).u=Nicfa.v=N,cf@.Nefa > Ne‘@.v. 
(qa, 8). p=Neta.v=N,c8. Nocfa= NefB: 

[*103'16] =:(qa, 8). p=Noeia.v=N,c8. Neva > Nef@.v. 
(qa, 8). p=Nicka.v=Nic'8. Nefa= Ness: 

[#11°41.4117-108] =1(qa, 8). p=N,cla.v=Ne's. Ne‘a > Ne‘s:. 

DF. Prop 
4117-241. bi pv. =.(qa,8)-p=Nocfa.v=N,c'8.q!Clfan Ne‘s 
[117-2422] 
#117242. Fir.p,veNC.D:ypv.=.(qa,8).aep. Bev. gq! Clan Nes 


[a117-241 . #103" 26] 


4117-243. bi. pv. =i (qa B)iw=Nea.v=N cB: (qp).pCa.psmB 
[x117-24221] 
#117244. FipjveN C.dippBv.=.sm“pSv.=.ppesm“v.= 
sm“pseam'y [#11724 #103-4] 
11725. bipDv.ypy.=.pveNC.sm“p=sm“y 


Dem. 
F.¥117-24.3 
kip pvivSyp.=.(qa, 87,8) w=N cla =Noety.v=NickB=Ni cs. 
Ne‘a > Ne‘8. Ned > Ne‘y. 
[*117°107] =. (qa, 8,4,8). p= Noofa = Nyoty v= NickB = Nickd. 
Nicfa > N,cfB . N,c'8 S Nycy. 
[13-193] =. (qa, B,y, 8). p= Nycfa = Niety.v = Nyo'8 = Nyckd. 


Ny,cfa S N,cf8 . Nie'B = N,cka. 
« (94, B,, 8). p= Nocfa = Nifty.» = NickB = NicS . 


tl 


[¥117-107-23} 


Ne‘a=Ne‘@. 
{¥11-45.4103°2] =. (qa, 8). p= Nicta.v=NocfB.p, ve N.C: Ne‘a=No'p. 
[*103-4] =.(qa,8).p=N,cka.v=N cB. p,veN,C.sm“p=sm“y . 
[¥11-45.4103°2] =. u,veN,C.sm“p=sm'y: D+. Prop 
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#11726. +: Ne‘a> Ne‘8.= . Nefa Ne‘8. Ne‘at NeB 


Dem. 
F.411713. 41312. Transp. +: Nefa > Ne‘8.3.Ne‘a+ NeB: 
[*117-108} Dh: Nea > Ne(8.3.Ne‘azNo‘B.Nea+NeB (1) 


F #117108 .#5°6 . DF: NefaD Ne“@. Nefat: NoB.D.Nefa > Ne“B (2) 
+. (1).(2). DF. Prop 


#11727. bi: Nea NeB. =. Nea Ne‘B . Ne‘a+ Ne‘@ 
[#117°26-103-105] 


#11728. +: Ne‘a > Nef8.=.Ne‘a > Ne‘B .~(Neo'B > Ne‘a) 


[#117-22°13] 
#117281. Fip > yes p er n (oe p) [¥117-14-28-24] 
#11729. +: Ne‘ac Ne‘8.=. No‘aNefB .~(Ne‘B<Ne‘a) [4117-28] 
#117291. bip<v.=.pov.n(v<p) [#117-281] 


#1173. -:Ne‘apNe's.=.(qz).aeNC.Nea=Ne84,a 
Dem. 


b.#117-221.5+: Ne‘a > Nef8.=.(qd).d8sm8.dCa. 


li) on 


[¥110-72] (qa). aeNC.Ne‘a=Ne‘Bt,a 
D+. Prop 
aI731. bap pv.stwveN Ci(qa).ceNC.p=vt a 
Dem. 
b. #117243. 
bin pv.=:(qa,8,a).p=Nocia.v=Nci8.Nea=NeS4+,o 
[(#110°03)] =:(994,8,0).p=N ca. v=N,co8.Neasvt,o 
[*103'16.*110°42] =: (qa, 8, a). p=Ncke.veNcB.p=vt,o: 
[*103°2] =tp,veN,Ci(qa).p=v+,a:. 3+. Prop 


#11732. Fipdey.qlem“pata.d.q lem yatta 
Dem. 
b .#117-241.#103-4.3 
:Hp.3.(q6,7) p=Neth.v=Noety.q!Cl*Ba Ney. sm“p= Nes. 
sm‘‘v = Ney (1) 


+ 


-#63°105°371 «#7312 63 
>RepsmP.pet'a.cCB.csmy-.I.Rhoceta. R“osmy (2) 
+ (2) .#73'04. DF rpeNeBata.ceClBa Ney. d.qiNe'yata (3) 
(1). (3). 3+. Prop 

The above proposition shows that if a cardinal » exists in a given ‘ype, 80 
do all smaller cardinals. 


rT 
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e174, bi pDv.v eo. d.p eo 
Dem. 
b.4117-243. bs. Hp. 3: (qa, By)! e=Nea.v=NeB.a=Noeoy: 
(ap)-pCa.psm@:(qo).cCB8.osmy: 
(#117-11.460°2,.41001] 3: (qa, By) te= Noefa.v=NeoB.o =Nievy: 
(Hp, 7)+pCa.psm8.rCp.rsmy: 
[22-44] D:(qa,y)ip=Nefa.o=Nety: (qr). 7TCa.rsmy: 
[«117-243] IippSa: Dt. Prop 
#11741. bkipqu.vgo.d.pgoa [#1174] 
#11742. Fin(p>p).n(p<p) 


Dem. 
b.#117'15 241312. Transp. Dbkt pov. Dd. evi dt. Prop 


#117438. bipDv.n(p a). I.~v Soa) [*1174. Transp] 
411744, FirvDa.n(p eo). d.~(p pv) [#117-4. Transp] 
#11745. bippv.v>a.d.p>o 


Dem, 
+. #117281. 3b: Hp.d.p>rv.vea.r(a Dp). 
[#117-4-44)] Dp Ss.n(oSp). 
[#117281] 2.p >a: Db. Prop 


411746. bip>veveao.d.p> [Proof as in 117-45] 
#11747, bip>vev>e@.d.p>0 [*117-45°104] 
¥1LT471. bipvevS@.d.uca@ [#1747103] 
#1175. b:weN,C.3.p>0 
Dem. 
F. #603 .#100°3. 3b. gq! Clan Ne‘A. 
[4117-22] Dr.Ne‘asSNefA. 
[¥117-107.4101°1] > +. Noo‘ > 0 (1) 
F.(1).#103°2. OD. Prop 
#117501. b:weN,C.=. 420 [#117°5°104] 
¥11751. F:weN,C-c0.3.n>0 
Dem. 
b.#10115.5h:Hp.3d.p+sm‘0 (1) 
b. (1). «117-5104. D+. Prop 
#117511. A: weN,C—10.=.p>0 [4117511542] 
#11752. big t£.3.NeF>1 
Dem. 
b.4512.Db:Hp.d. (qa). vee, 
(117-222) >. (qu). Ne’ > Netiw. 
[*101:2] D.Ne'E>1:3+. Prop 
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#11753, brweN,.C—-10.3. 451 


Dem. 
F. #101-16 .#103:2.5+:Hp.>.(qa).Nicia=yp.qha. 
[*117'52] >. (qa). Neta=n. Neal. 
[#117'107] D.~21:5+. Prop 

#117531. Fb: weN,C~10.s.p 51 

Dem. 
+. #117104. Dhipwl.d.peN,C @) 
F ..#117°51,#101-22.5-.1>0. 
(¥117°45] Dkipwl.d.p>d. 
[x117-42] D.p+0 Q) 


F.(1). (2).*11753. DF. Prop 
#11754, bilop.etp=0.v.pal 
Dem. 
be *117°241 101-2. #5222. 5 
bel Bp. =i (qa,e).p=Noeta.giNean Clea: 


[¥60'362] = (qaa)ip=NoefarqiNeaniA.v.qiNeaniea: 
(#5131) =1(qa,v): = Nicfa: Ae No‘a.v.t'e Ne‘a: 
(#101:17:29] =: (qa, 2): w= Nicfa: Nefa = Ne‘A.v. Ne‘a = Ne‘t‘a: 
[#103°16] =:(q@,a).p=Niclazw=No'A.v.p=Ne‘ta: 
[x1012:2] =: (qa). p=Nofarw=0.v.p=1: 

[*103:2°5°51] =i:4=0.v.p=1:. 5+. Prop 


#11755. Fry >1.5.peN,C-10-11 


b.¥117281. hip >l.s.ppel.~(lBy). 
[#117°531'54] =.peN,C—-10.p+0.u41. 
[*5115] =. ye N,C—c0—051: 56. Prop 


4117-551. bs. pe N,C—e0-—e'1. =: 
(qa): p=Ni cia: (qa,y)-ayea.cty:=.pp2 
Dem. 
F.#108-:2.3h:weN,C—vO-—11.=: 
(qa) » = Neca. Nota+0.Nofatls 


[#101'14] =1(qa).p=Nocfa.qia.N,ciatl: 

(*103°26] =:(qa). w=Nota.qia.avel: 

[452-41] =:(qa):p=Noc'a:(qz,y).a,yea.uty: (1) 
[#54-26.%51°2] =: (qa): p= Nica: (qa,y).euly Caw i'ye2: 
[#13195] =i(qa):~=Ncfa:(qa,y,8).BS=tavue'y.8Ca.Re2: 
[#54101] =:(qa)iw=Nycfa:(q8)-B8Ca.fe2: 

(¥117-241) =:ppe2 (2) 


F.(1).(2). D4. Prop 
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#11786. +:Ne‘a p Ne‘8.3.Ne‘a+, Noy > Ne‘8 +, Nety 
Dem. 
FE . #11012 .%*117:221.5 
tb: Hp... (qd). dC] Ay“t“a. dsm | AsSeepe. 

[110-11 .#73°71.(#110-01)] D. (qq). 8 V Aa | “My Coty. 

SvALL “uy sm (8 +y). 
[*117-221] D.Ne(at+y) SNe(8+ 7). 
[#1103] D. Ne‘a +, Ne‘y S Ne‘@ +, Nefy: D+ . Prop 
#117561. Fi: pov. aweNC.3.4+,0527+,@ [%117'56] 

The proof of #117°561 follows from *117°56 in the same way as the proof 
of *117°31 follows from *117-3. In the remainder of this number we shall 
omit proofs of this kind. 

#11757. |: Nefa BS Ne‘8.3. Nefa x, Ne‘y > Ne‘B x, Ne‘y 

Dem. 

+. «372. DhipCa.d.yh “pCa | “a. 


[*40°161.%113°1] D.pxyCaxy (1) 
F.xl18138.3:psm8.d.pxysmBxy (2) 
b.(1).(2). DEspCa.psmf.d.pxyCaxy.pxysmBxy. 

[#117°221] D.Ne‘(a x y) > Ne(@ x y) (3) 


F.(3).#117-221. +. Prop 
#117571. bapov.aeN C.d.px,oBvx oa [x11757] 
#11758. |: Ne‘at Ne‘8 . 3. (Nefa)Ney BS (Nef ByNe'v 


Dem. 
b.#35-43282. Db pCa.dipTyGaty. 
[80°15] D- (oT yay Cat y)afy (1) 
b.¥1161519.>FspsmB.d.(p Ty)aSysm(B fF y)aty (2) 


F. (1). (2). #117221. 
t spCa-psm@. >) »Ne“(a fT y)aSy S Ne(B F y)afy + 
[#116°15-25] D. (NetayNo'y > (Nesayrer (3) 
b. (3). #117221 .5F. Prop 
#117581. bipov.aeNC.3.n7 Dv? = [*117-58] 
The two following propositions are lemmas for *117°59. 
#117582. Fi giy.@Ca.ceyexp(a—8).D.(wa)fP(yexpf)cl—l. 
(vo) (vy exp 8) Cy expa 
Dem. 
F. «116183. 51: pe(yexp 8). ceyexp(a—f).D.p CB xy. cC(a—f) xy. 
[#113-19.%24-21] D.pnc=A (1) 
(1). #24481. 3 b:: Hp. D:.p,p' e(yexp@).Dipyc=puc.=.p=p'h 
[#71:58] D:.(uo)f (yexpAyel—al (2) 
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Fe¥113191 9h Hp. Diy “Bays (a—A)=As 
» »” 
[¥115°14.(411601)] Dp e(yexp8).3.pyceProd‘{y 4 “Buy 4 “(a—£)}. 
[(#37°22.%24°411] D.pyce(yexpa): 
[*37°61] 3: (vo) (yexp 8) Cyexpa (3) 
b.(2).(3). 96. Prop 
#117583, |: @Ca.q!y.>.(qr).7 Cyexpa.7sm (yexp A) 
Dem. 
F.#116171.5+:Hp.>.q!yexp(a— A) (1) 
F.(1) #117582. #7315. +. Prop 
#11759. bs Ne‘aD Ne'B. qty. D. (Net) Ss (Nery) Ne? 
Dem. 
F.#117-'221.5:.Hp.3:(qp)-pCa.psmA:qly: 


[*117°583] 2: (ap,7)-pCa.psm@.7rC yexpa.rsm (yexpp): 
[#11619] D:(qr).rCyexpa.rsm(yexpf): 
[#117:221] D3: Ne‘(y exp a) > Ne“(y exp #) (65) 


+. (1).#116-25.5+. Prop 


The hypothesis is essential in the above proposition, for 0°=1 while 
0'=0, so that 0° > 0%. 


#117691. tiwpv.aweNC-10.3.0¢D>o” [11759] 
#117592. Fia®=1.a+0.a¢1.3.5=0 


Dem. 
b.#116-203.3+:.Hp.d:a,deN,C: 
[#117°551'53] DiawI:d40.d.8>1: 
[¥117-581°591] 3:840.D. 02, 
[4#116-321 117-244] D.ab D2. 
[#117551] D.o841 (1) 


+.(1). Transp. 3+. Prop 
The above proposition is used in *#120°58. 


#1176. FipnveNC.3. p+, uvep-ptevev 


Dem. 
b.#1175615.Db:Hp.d.p+,y2u+,0-ptye0t rv (1) 
F.(1).*110°6 . *117-244. 5+. Prop 
#11761. bry >p.Dd. uty >p [¥1176-45] 
‘#11762. FipveN,C—10.3.~x yop pxoyev 
Dem. 
F.#11757153.3b:Hp.Dd-wx.y 2 eXol- x.y Bl xy qd) 
b.(1) + #113621 «117-244. +. Prop 
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#11768. F:a,8~c0uVl1.3.Neax, Nee S Neat, NetB 
Dem. 
b.#52-4, Transp. >+:Hp.d.(qa.a,y,y')-ac'ea.y,yeR.ata.yty (1) 
b.¥113°101. Dk:Hp.awea-yyeR.cta.yty.p=ly"a. 
c=a)(B—Uy)vue' Lyd.pucCaxa (2) 
b.*55°15. Db: Hp(2). 3: Rep.2p-TR=vy: 
Sea] “(B-vy). Ds. TSeB—uty: Oa! | arty’: 


[*51-23] D:Rep.Seo.Dxg- VR4EGS: 

[#24°37.*30°37] Dipnoc=A (3) 
F. #7361611. Dt: Hp(2).d.psma.a] “(R—iy)am(8—ty) (4) 
b . #55'202 . Db: Hp(2).D.a Ly’vew) “(A - vy) (5) 
b.(4).(5).#738°71. Dt:Hp(2).2.psma.cosmP (6) 
+. (3).(6).#11018. Dt: Hp(2).d.puceNe(at A) (7) 
b.(2).(7).*117-221. 3+: Hp(2).3.Ne(@ x a) 2 Ne(a +A) (8) 


+ .(1). (8). #113141-25 .#110°3. 9. Prop 
#117681. bk: y,veN,C—-c0—01.3.px,y 2 etov [*117-63] 
The two following propositions are lemmas for *117-64. 


#117632. bi «eClsexcl.ereOul.p,ceProd‘k.pna=A. 
T=f2 {(qa, B).4 Bex.atB.veB.p=(p—a—B)v(cna)vla}. 
2.Telal. DTC Prod. UP = se 
Dem. 
b.#115°11145.3+:Hp.afex.atB.dip—a—Be Prod(x— t‘a—c'f): 
[#115°11-145] 3: (p —a— 8) v (a na)e Prod‘(«—t*8): 


(*115:145]) J:iveB.D.(p—a—A)vu(ona)vutwe Prod’ qd) 
F.(1).*21°33. Dt: Hp. pla. 3. pe Prod‘ (2) 
+ .52°4. Transp. Dhk:.Hp.d:Bex.@eB.d.(qa).aex.atB. 

[#21:33.%33°131] Diae AT (8) 
b, #21°33 .#33°181.5+:. Hp. diveQ'7'.3.(qP).Bex.veB (4) 
F.(8).(4). DF: Hp.d.d‘T= sXe (5) 
F.#21'33.413:172, 3+: Hp. d:pTe.vTe.d.p=v (6) 


b.421°33.%13171.3+: Hp. d:p7e.pTa'.d. 
(q@,@',8,8’).a,vex.B, Blex.atf.at,’. 
(p—a—B)u(ena)uia=(p—a'—P')n(ona)uss’. 
[#2448.Hp]>. =a! (7) 
F.(2).(5).(6).(7). DF. Prop 


#117633. |. «eCls*exel nveOul:(qp,c).p,c6¢Prod‘e.pag=Aid. 
TINe‘« > =Ne‘x 
Dem. . 
F.#117°632.3+: Hp.>.(qy).yC Prod‘e.ysm ses 

(117-221) >. Ne‘Prod‘« = Ne‘s‘« (1) 
F (1). 115-12. #11215. 5+. Prop 
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¥11764, |:. 6 Cls*exel: (qp,c).p,o¢ Prod‘e.pnc=A:). 


TINe‘« > =Ne‘x 
Dem. 
b, *112°321.*11421, 5b :ce 1.5. IENe'« = 2Ne‘e () 
b.¢114°2 .%112:3. Dk:«e¢0.D.TINee = 1. SNe%=0, 
[#11751] >. UNe'e > Note (2) 
b. (1). (2) .#117°633. D+. Prop 
#117651. Fr a~ve0U1. 3. (Nota? > Ne‘a x, Nets 
Dem. 
+ .*52'4. Transp . Dt: Hp.d.(quy)- a, yea.apy (1) 


+. 116152 . #55°23:202.Dt:a,yea.c+y.d.0] “By | “Be(aexpf). 
al“Bayl“B=A (2) 
+. «113111. >) Feat Be Cls*excl (3) 
bi 
F. (1). (2). (8) 117-64 . #113-1-141-25 . 116-25. (116-01). DF. Prop 
#117652. Fz weN,C-10-el.veN,.C.3.u’ Sux,v [#117651] 
#11766. +. NeClfa > Ne“a 
Dem. 
+.*102-72. Dt.~(q8).8Ca. hsm Clfa (1) 
+. #1006. «6061. Dr. t%aC Clfa.t“asma (2) 
F. (1). (2). #11713... Prop 
#117661. bi peN,C.3.2 > [#117-66. 4116-72] 
The above proposition is important. (See, however, the Introduction to 
the second edition.) 


#11767. Fixe Clsexcl.q! Prod‘. 3. Ne‘s'« > Ne‘e 


Dem. 
b.#115-1611.3+:«e Cls?exel. we Prod‘e.>.usmn.pCse. 
[*117:22] D2. Ne‘s'« > Ne‘e: D+. Prop 


#11768. b:R,Seeste. RASA. T= Pp lpex.P=Rf—tpw sf ep} 
>. Tell. DT Cease. OT=« 


Dem. 
b. #2133 ..#138:172.D+:.Hp.3:PTp.Q7p.3.P=Q (1) 
+. *23°631. Dt: Hp.pex.d. (Tp) aS=Sf up: 
[*13-17] Dt:Hp.pcen. Mp =To.d-Sfep=Sfric. 
[*35°65] D.tip=tio. 
[#5123] D.p=o (2) 
-.(1).(2). Dt:Hp.d.7el—wl (3) 
£2133. *33131.5+:Hp.3.d‘T=« (4) 
F. 80°36. It: Hp.d.D‘T Cea‘ (5) 


£.(8).(4). (5). D+. Prop 
#117681. 1 :(qR,S).B,Seeaste. RASH=A.D.Ne‘eae Nex [4117-68-22] 
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#117682. Fie Cr. qlea(XA—x). 9. No“es'r > Neca‘ 


Dem. 
+. #8065. Db: Hp.d: Reese. Seeaa(s—x). 3. Ru Seen (1) 
b.#8014. 3b: Rear. Seea(r—x). I. URaATS=HA, 
[43333] >.RAS=A. 
[¥25'4] >. (RvS)+S=R (2) 


b.(2). #13171. 34: Q, Rees. Seea(r—«)-QuS=RuS.3.Q=R (3) 
+.(1). (8). DF: Hp. Sees(A—x). 3. (WS) f cake e 11. (w 8) eae C ead. 
[*117-22] D>. Ne‘ea‘r 2 Nefes‘x : DE. Prop 
#117683, Fs.e Cr. gq bea(A—«) 2 (GR, S).R,Seese. RASH=Ard, 
Ne‘ea'h > Nee [117-681-682] 

#117684. Fie Cr. glean: (GR, S). RB, Seease. RAS=A:d. 

Neteah oe Ne‘e [4117-683 . #88'22] 

The above proposition is used in *120°765. 


GENERAL NOTE ON CARDINAL CORRELATORS 


The correlators established at various stages throughout Section B present 
certain analogies to each other, and they or others closely resembling them 
will be found to be the correlators required in relation-arithmetie (Part IV). 
We shall therefore here collect together the most important propositions 
hitherto proved on correlators. 


When we have to deal with correlators of two different functions of a 
single class, as e.g. ea‘« and Prod‘«, the correlator is usually D or ¢ or é|D, 


with a suitable limitation on the converse domain. Sometimes it is ¢|D or 
e|D. Thus for example the class e] ‘‘«, by means of which ‘x is defined 
(*112), has double similarity with « if « ¢ Cls? excl (*112'14); in this case, the 
double correlator is t D with its converse domain limited, i.e. 
Fie Cls*excl. > LUD} Ste ex Sit Si (e J‘). 
In the case of Prod‘« and ea‘, the correlator is D, i.e. 
Fixe Clstexcl. 3. Df ea‘x ¢ (Prod‘«) Siti (€a‘x). 
In the case of a's‘ and ea‘ea"‘x, the correlator is $| D, ce. 
kixeCls*excl. 3.8) Df ea‘ea**« € (eas‘«) 5m (e4fes x). 
§|D also correlates ea‘« with eae [“« (#8561) and Ps‘a with es'P Ia 
(#85°53), and P4fs‘« with ea{Pa‘« (#85'27°42) if « e Cls* exel. 
The correlator of (a f 8)s‘8 with (@ exp @) is $ (#116131). 
Another kind of correlator arises where we are given a correlator of « and 
A, and we wish to construct a correlator for some associated classes Wx and 
W*n, or where we are given correlators of a with y and of 8 with 8, and we 
wish to construct a correlator of a?@ with y$8, where ? is some double 
descriptive function in the sense of *38. In this case, the correlator will 


usually be of the form RIS (with ‘a limited converse domain). Sometimes 
R and S will be identical; sometimes S will be Re. Such correlators always 
depend upon 


45061. br Et Rie. Et S'y.d.(Ri Sol y)=(R2)L (SY) 

together with the propositions *7477 seg. giving cases in which (R|| S)[ A is 
a one-one relation. It follows from *55°61 that if A and S are correlators 
whose converse domains include the domain and converse domain respectively 
of a relation P, then (R|| SP will be a relation holding between R‘a and 
S‘y whenever P holds between « and y, Examples of such correlators as 
R|| 8 are 


4112-158. bs Tex THA. D.(T |Top ste [re (e ]“e) sm sm (eT) 
12—2 
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#113127. bs RP yeasty. SPdeRams.>. 
(RIS)P (8 xy) e(a | 8) smi mH (y | 8) 
#11365. Fe | Max | of @=( | 2l|Cnv! | 2)(a x 8) 
#11451. F:TPsrXexsmsnr.d.(7|| Tp €a*d € (eax) Sim (ear) 
#116192. F: RP yeasmy. SP deRAsmd. >. 
(Rj Si} (8 x y)  (aexp A) si am (1 exp 8). 
(Bj S)eP (y exp 8) (aexp 8m (y exp 8) 
An exceptionally simple correlator is given by 
4115502. b: TP sex ai GHA. D. TP s'Prod‘n e (Prod‘x) si HH (Prod‘A) 
Another exceptionally simple case is 
41363. f:Seasg.Tha, Th Bel+l.avgCcaT.>. 
T|8|Te( Ta) am (Tf) 
By means of the above correlators, most correlators that are required can 


be calculated. Thus it will be seen that *116192 in the above list is an 
immediate consequence of #113'127 and *115-502, since 
aexp @= Prod‘a 1“ and s‘Prod‘y 4 S=5 xy. 

In order to develop the subject, it is almost always necessary, not merely 
to prove that two classes are similar, but actually to construct a correlator 
of the two classes. This applies equally to relation-arithmetic, in which 
analogous correlators are used to prove ordinal similarity. 


SECTION C 


FINITE AND INFINITE 


Summary of Section C. 


The distinction of finite and infinite is not required, as appears from 
Section B, for the definition of the arithmetical operations or for the proof of 
their formal laws. There are, however, many important respects in which 
finite cardinals and classes differ respectively from infinite cardinals and 
classes, and these differences must now be investigated. 


There are two different ways in which we may define the finite and the 
infinite, and these two ways cannot (so far as is known at present) be shown 
to be equivalent except by assuming the multiplicative axiom. As there 
seems no good reason for regarding one of these ways as giving more exactly 
than the other what is usually meant by the words “finite” and “infinite,” 
we shall, to avoid confusion, give other names than these to each of the two 
ways of dividing classes and cardinals. The division effected by the first 
method of definition we shall call the division into inductive and non-inductive ; 
that effected by the second method we shall call the division into non-reflexive 
and reflexive. 


The division into inductive and non-inductive, which is treated in #120, is 
defined as follows. An inductive cardinal is one which can be reached from 0 
by successive additions of 1; that is, an inductive cardinal is one which has to 
0 the relation (+, 1), where (by *38°02) +, 1 is the relation of a+,1 to a, and 
the subscript asterisk has the meaning defined in #90. Hence we put 

NC induct =@ fa (+. 1)40} Df 
By applying the definition of #90, this gives 
FiraeNCinduct.=:.fep.3;.&+ lew: Oem: d,.aep. 

This proposition may be regarded as stating that an inductive cardinal is 
one which obeys mathematical induction starting from 0, ze. it is one which 
possesses every property possessed by 0 and by the numbers obtained by 
adding 1 to numbers possessing the property. In elementary mathematics, 
it is customary to regard mathematical induction, as applied to the series of 
natural numbers, as a principle rather than a definition, but according to 
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the above procedure it becomes a definition rather than a principle. This 
procedure is unavoidable as soon as it is perceived that there are cardinals 
which do not obey mathematical induction starting from 0, (This only holds 
on the assumption that the total number of objects in any one type is not 
one of the inductive cardinals. This assumption, in a slightly different form, 
is introduced below as the “axiom of infinity.”) Thus for example 0+ 1, and 
E+ €4+,1.5.£+,14£4+,2. Hence if a is any inductive cardinal, a+a+,1. 
But we know that &, the first of Cantor's transfinite cardinals*, satisfies 
NX =N.+,1. Thus mathematical induction starting from 0 cannot be validly 
applied to prove properties of X. It follows that the inductive cardinals as 
above defined are only some among cardinals; nor does it appear that there 
is any way of defining them except as those that obey mathematical induction 
starting from 0. It follows that mathematical induction is not a principle, to 
be either proved or assumed as an axiom, but is merely a characteristic 
defining a certain class of cardinals, namely the class of inductive cardinals. 

By a syllogism in Barbara, it is evident that 0 is an inductive cardinal; 
hence by the definition 1 is an inductive cardinal, and hence 2, 8, ... are 
inductive cardinals. Thus any given cardinal in the series of natural numbers 
can be shown to be an inductive cardinal. The usual elementary properties 
of inductive cardinals, such as the uniqueness of subtraction and division, are 
easily proved by mathematical induction. 


We define an inductive class as a class the number of whose terms is an 
inductive cardinal. More simply, we put 
Cls induct = s‘NC induct Df. 


It is then easily shown that an inductive class is one which can be reached 
from A by successive additions of single members. That is, if we put 


M=Ho(qy).f=n¥y), 
then Cls induct = Myf. 
Thus we have 
Fir peClsinduct.=t.new.D,y.nutyepidepiry pep. 
We might equally well have begun by defining inductive classes, and pro- 


ceeded to define inductive cardinals as the cardinals of inductive classes; in 


that case, we should have used the above relation M to define inductive 
classes, 


Some of the properties which we expect inductive cardinals to possess, 
such for example as a+a+,1, can only be proved by assuming that no 
inductive cardinal is null, i.e. that 


aeNCinduct.3..q!a. 
This amounts to the assumption that, in any fixed type, a class can be found 
* For the definition of No, cf. +#123-01 and p. 186 of this summary. 
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having any assigned inductive number of terms. If this were false, there 
would have to be some definite member of the series of natural numbers 
which gave the total number of objects of the type in question. Thus suppose 
there were exactly n individuals in the universe, and no more, where n is an 
inductive cardinal, We should then have 2” classes, 2%” classes of classes, and 
so on. In that case, in the type of individuals we should have n+,1= 4A, 
n+,2= A, etc. Hence we should have 
n+,l=(n+,.1)+,1, ete. 

In the type of classes, we should get similar results for 2", and so on. It is 
plain (though not demonstrable except in each particular case) that if the 
assumption ae NC induct. 3,..+q!a fails in any one type, it fails in any other 
type in the same hierarchy, and if it holds in any one, it holds in any other; 
for if n be the total number of individuals, then if n is an inductive cardinal, 
the total number of any other type is an inductive cardinal, while if n is not 
an inductive cardinal, no more is the total number of any other type. Hence 
the assumption ae NCinduct.5,.4!a is either true in any type or false in 
any type in one hierarchy. We shall call it the “axiom of infinity,” putting 

Infinax.=:aeNCinduct.>,.qia Df 
This assumption, like the multiplicative axiom, will be adduced as a hypothesis 
whenever it is relevant. It seems plain that there is nothing in logic to ne- 
cessitate its truth or falsehood, and that it can only be legitimately believed 
or disbelieved on empirical grounds. When we wish to use a typically definite 
form of the axiom, we shall employ the definition 


Infin ax (z).=:aeNCinduct.3,.q!a(2) Df, 


which asserts that, if a is any inductive cardinal, there are at least a terms 
of the same type as a. 


It is important to observe that, although the axiom of infinity cannot 
(so far as appears) be proved a priori, we can prove that any given inductive 
cardinal exists in a sufficiently high type. For if the total number of individuals 
be n, the numbers of objects in succeeding types are 2%, 2”, etc., and these 
numbers grow beyond any assigned inductive cardinal. Owing, however, to 
the fact that we cannot add together an infinite number of classes whose 
types increase without limit, we cannot hence show that there is a type in 
which every inductive cardinal exists, though we can show of every inductive 
cardinal that there is a type in which it exists. J.e. if a is any inductive 
cardinal, there must be a type for x such that q!a(«) is true; but there need 
not be a type for # such that if a is any inductive cardinal, q ! a (a) is true. 


The axiom of infinity suffices to prove the existence, in appropriate types, 
Ss 
of No, 2%, 27°)... &, &.,...%. It does not suffice, so far as we know, to prove 


* For the definitions of &,, Np, ete., see #265, 
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the existence of &, or any Aleph with a greater suffix than , because the 
existences of N,, N,, ... are proved in successively rising types, and no meaning 
can be found for a type whose order is infinite. 


The other definition of finite and infinite is of less importance in practice 
than the definition by induction. It is dealt with in *124. According to 
this definition, we call a class reflewive when it contains a proper part similar 
to itself, te. we put 


Clsrefl = 4 {(qR).Reloa1l.D'R=a.dRCa.dR+a} Df, 
or, what comes to the same thing, 
> 
Cls ref = @{(qR).Relo1.Q‘SRCDR. gq! BR.a=D‘R} De 


We call a cardinal reflexive when it is the homogeneous cardinal of a reflexive 
class, 1.2. we put 

NC ref = N,cClsrefl Df 
It is easy to show that 

NC ref = @{qta.a=a+, 1}. 
We find that inductive classes and cardinals are non-reflexive, and reflexive 
classes and cardinals are non-inductive. We find also that reflexive cardinals 
are those that are equal to or greater than &,, while inductive cardinals are 
those that are less than N,. By assuming the multiplicative axiom, we can 
show that every cardinal is equal to, greater than, or less than &,, whence 
it follows that every cardinal is either reflexive or inductive, thus identifying 
the two definitions of finite and infinite. But so long as we refrain from 
assuming either the multiplicative axiom or some special axiom ad hoc, it 
remains possible (so far as is known at present) that there may be cardinals 
neither greater than, nor equal to, nor less than &,. Such cardinals, if they 
exist, are neither inductive nor reflexive: they are infinite if we define 
infinity by the negation of induction, but finite if we define infinity by 
reflexiveness. It is possible that further investigation may either prove or 
disprove the existence of such cardinals; for the present, their existence 
must remain an open question, except for those who regard the multiplicative 
axiom as a self-evident truth. 


In *121 we shall consider intervals in a discrete series; i.e. in a series 
generated by a one-one relation between consecutive terms, If P be the 
generating relation of such a series, and 2 and y be two members of the series, 
of which y is the later, the terms which lie between # and y are the terms z 
for which we have 

OP, 2+ 2P yy, 


where P,, has the meaning defined in #91. Hence we put 
— 
P(x-y) =P,,te aP,‘y Df, 


where “P (@—y)” means “the P-interval between « and y.” We want also 
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symbols for the interval together with one or both of its end-points. For 
these we put 
= > 
P(say=P, Ken Pyty Dé, 
<_ 
P(er-y)=Py'orBety Df, 
— 
P(wny) = Pyfan Pyfy  De*. 
Thus, for example, if # and y be inductive cardinals, and P be the relation of 
nton+,l, and «<y, P(«—y) will be the numbers greater than « and less 
than y, while P («~y) will be these numbers together with y, P (c+ y)-will 
be these numbers together with #, and P(x-1y) will be these numbers to- 
gether with both # and y. By means of intervals, we define a class of relations 
P, (where v is any inductive cardinal), where “#P,z” means that we can pass 
from « to z in y steps. In order to fit the case in which # and 2 are identical, 
and to insure that no relation such as P, shall hold between terms which do 
not both belong to the field of P, we put 
P, =29 (N&P(2@Hy)=v+,1} Dé 
Then, provided P,, € J, Py» =I CP, and if further Pe1—+l, then P,=P, 
P,= FP, etc. If P isa transitive serial relation, P, is the relation “immediately 
preceding,” which has great importance in well-ordered series. In this case, 
P,=P+ FP If P is a transitive serial relation generating a finite series or a 
progression or a series of the type of the negative and positive integers in 
order of magnitude, we have 
P = (Py)po- 
In *121 we shall only consider P, in the case where 
P e(1—> Cls) v (Cls > 1), 
and generally we shall have the further hypothesis P,,€.J. We can then 
prove that the interval between « and y is always an inductive class (it will 
be null unless #Pyy); this proposition is useful in its application to the 
number-series and to progressions generally. 


When P ¢(1-»Cls) v(Cls 1). P,, GJ, the class of such relations as P, 
(where y is an inductive cardinal) is identical with Potid‘P, the class of powers 
of P (cf. x91 seg.). This identification (which does not hold in general without 
the above hypothesis) leads to many useful propositions. In *91 seq, we 
treated powers of a relation without the use of numbers, #.¢. without defining 
the vth power of P. When the powers of P are the class of such relations as 
P,, we can of course take P, as the vth power of P. The general definition 
of the vth power of P (where » is an inductive cardinal) will be given later, 
in *3801; we shall denote it by P’, thereby including the notation P? already 
defined. 


* These symbols ate suggested by those given in Peano’s Formulaire, Vol. 1v. p. 116. 
(Algébre, § 46.) 
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In *122 we shall deal with progressions, 7.e. with series of the type of the 
series of natural numbers. In this number, we shall deal with such series as 
generated by one-one relations; they will be dealt with at a later stage (#263) 
as generated by transitive relations. We define a progression as a one-one 
relation whose domain is the posterity of its first term, ie. 


Prog = (1-9 1)n R(D‘R=RyBR) DE. 
According to this definition, there must be a first term B‘R; A‘R will be 
RER,ABR, i.e. ByyBER, which is contained in RyBR, ie in D'R; since 
G‘RCD*R, every term of the field of R has a successor, so that there is no 
end to the series; since CR = D‘R = RyBER, every term of the series can 


be reached from the beginning by successive steps. These characteristics 
suffice to define progressions. 


In #123 we proceed to the definition and discussion of N, the smallest of 
reflexive cardinals. This is the cardinal number of any class whose terms can 
be arranged in a progression ; hence it is the class of domains of progressions, 
i.e, we may put 

&, = D“Prog Df. 

With this definition, remembering that A is a cardinal, we can prove that &, 
is a cardinal; but to prove that &, is an ewistent cardinal, we need the axiom 
of infinity. The existence-theorem for &, is then derived from the inductive 
cardinals, which, if no one of them is null, form a progression when arranged 
in order of magnitude. It should be observed that this existence-theorem is 
for a higher type than that for which the axiom of infinity is assumed. In 
order to get an existence-theorem for the same type, we need the multiplicative 
axiom as well. 


After a number on reflexive classes and cardinals (*124) and a number 
on the axiom of infinity (#125), the Section ends with a number (*126) on 
“typically indefinite inductive cardinals.” The constant inductive cardinals 
are the typically ambiguous symbols 0, 1, 2,...; thus we want to define the 
class of inductive cardinals in such a way that a variable member of the class 
shall be typically ambiguous. This is not possible without a sacrifice of rigour, 
but in #126 it is shown how to minimize the sacrifice of rigour, and how to 
obviate the resulting logical dangers. A variable whose values are typically 
ambiguous is said to be “ typically indefinite.” 


A proof that all inductive cardinals exist has often been derived from 


¥120°57 (below). But according to the doctrine of types, this proof is invalid, 
since ““+,1” in *120°57 is necessarily of higher type than “ys.” 


*118. ARITHMETICAL SUBSTITUTION AND UNIFORM 
FORMAL NUMBERS 


Summary of *118. 


A difficulty arises respecting substitution in arithmetic. For if @ is a 
formal number and its occurrence in fu is arithmetical, then by TIT p is 
always to be taken in an existential type. Hence we can only substitute a 
real variable £ for w under the hypothesis q!£, and we can only substitute 
another formal number o for y« provided that the equation # =o, which 
justifies the substitution, is arithmetical, ¢.¢. provided that in this equation 
the type of » is such that q! yp. 

The result is that the application of *20'18 is apt to lead to fallacies 
owing to the different meanings which a formal number may possess in 
ditferent occurrences. Hitherto we have considered each case in detail, eg. 
note on *110°61, and proof of ¥110'56. 

The condition for the safe application of *20°18 is given in *118-01, namely 
x11801. Figip.w=o.Difp.=.fo [*2018] 

This question is more fully discussed in the prefatory statement of this 
volume. The first reference to *118°01 is in *120-222. Another way of 
evading the difficulty is to work with formal numbers which, together with 
all their components, are of the same type. This leads to the consideration of 
Uniform Formal Numbers, which with the exception of *118-01 occupies the 
rest of the number. 


The dominant type of a formal number as used in any context is the type 
of the formal number itself in that context, and the subordinate types of the 
formal number are the dominant types of its component formal numbers. 


When the dominant types of some of the formal numbers are not expressly 
indicated by an explicit notation (cf. x65), the rules according to which the 
dominant types thus left ambiguous are to be related, so far as they are 
related, including the rules governing the relation of subordinate types, if left 
ambiguous, to dominant types, are given by conventions IT, IIT, and AT of 
the prefatory statement in this volume. 


We have now to consider an important special case which arises when 
types are explicitly indicated by the use of *65°01:03. A formal number, 
whose subordinate types are the same as its dominant type, is called uniform; 
and if some of its subordinate types are the same as its dominant type, it is 
called partially uniform. A formal number can only be partially uniform, or 
at least so designated as to be necessarily partially uniform, when the dominant 
type and those subordinate types identical with it are expressly indicated by 
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#65°01-:03. For otherwise the conventions IT, IIT, and perhaps also AT, 
apply; and these do not secure uniformity, and may perhaps in some contexts 
be inconsistent with it. 

Common sense in its consideration of arithmetic habitually disregards the 
possibility of a formal number representing A. In other words, it always 
applies conventions IIT and AT. But also, owing to its disregard of types, 
it assumes that the formal numbers are all uniform. The assumption which 
is really essential to this common sense reasoning, so far as the form of its 
arithmetical conclusions are concerned, is the assumption that none of the 
numerical symbols represent A. This assumption is secured here, when no 
types are expressly indicated, by IIT and AT. We have now to consider 
the effect on arithmetical operations of the other assumption, that the formal 
numbers are uniform, or partially uniform. There is no difficulty arising from 
any change of convention for symbolism, since, as stated above, partial or 
complete uniformity is secured by express indication of type. Accordingly 
conventions IT, IIT continue, as always, to apply when the types of formal 
numbers are left ambiguous. 


Convention AT will not be applied either in *118 or *119 or *120: in 
*118 the fact is entirely unimportant since the dominant types of equational 
occurrences are always indicated, so that no case arises when it could apply. 


Apart from its intrinsic interest and its bearing on substitution, the 
arithmetic of uniform formal numbers is necessary for *120, where the 
fundamental arithmetical properties of inductive numbers are investigated. 


The propositions of this number are proved by the use of the results of 
*117. The basis of the reasoning is 
*11813. Fip<v.diqismiv.d.qism sp 

In *118:2'3-4 the meaning of the symbolism for dominant types is stated, 
namely 
#1182. be (ut vle=F {(qa, 8). p=Nicka.v =Nyo'8.qsme(at f)} 
#1183, 0b. (ue xyv)e= 9 {(qa, B)« w= Nica. v=Nic'B. 1 smz (a x B)} 
*1184. 0 +. (u’)p=9 {(qa, 8). w= Nica. v= Nyc'8. 4 sm; (aexp f)} 

The important propositions which are finally reached for addition are 
#11823. Fi pjveNO.D.(u+ov)e=(sme%p +, smeV), 
#11824. brveNC.D.(utv)e= (ety smgr)y 
#118241. Fi weNC.D.(u+,r)¢= (sme pte r) 
#11825. Fu toute me= [(u torte me= [aM te(v to m)ele 

The important propositions for multiplication are 
#11833. bip,veNC—10.D. (m Xov)e = (sme x, smyg*y)¢ 
#11834. biveNC.p40.3.(u x,v)e=(u Xo 8mgv)y 
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#118341. bi weNC.vt0.. (pu x_r)e= (sep Xo) 
#11835. Fiat0.D.(uxgo x, m= {le Xo VE Xo DHE 
#118351. Fit... (un xgu xo a)e= {uu Xo(Y Xo Bele 

The important propositions for exponentiation are 
#11843. bip,yeNC- 0.41.3. (u"); = {(sme py |g 
#11644. biveNC.ut0.nt1.3.(wyp=(uie”): 
#118441. bs weNC.v+0.3. ("2 = {(smep)"}e 
118-45. Few tO.wt1 id. (urXe®)g= [uremia 
#118451: bia +0.3.(w™*) =[{(u")s} 7] 
¥11846. big tO. wt]. 3. (wete™)= fu teme}e 
*118-461. |. (wrte™)p= {Cue Xo (u*)eJe 
with two analogous propositions *118'462°463, 
#11847. biaot0.d. {C4 x, r)}e=[{(u Xor)s}7 
#118471. bi. pt0.vt0.V.c0=0.vV.n(u,1,07eN,C):D. 

(CH Xe v)*}e= (Cu )e Xe (Hele 

with two analogous propositions *118°472°473. 

It is thus seen that, apart from some exceptional cases connected with 0 
and 1, in all arithmetical operations uniform, or partially uniform, formal 
numbers can replace those constructed in obedience to convention IIT. 


#11801. Fiegqivepao.di:fu.=.fo [#20°18] 

As far as the symbolism is concerned, this proposition with the omission 
of @q!, from the hypothesis is a transcript of x20°18. But if or ¢ (not ex- 
cluding both) is a formal number, 1! is required in case the occurrence of 
w in fu is arithmetical. In fact this proposition embodies the three funda- 
mental propositions of the Principle of Arithmetical Substitution arrived at 
in the Prefatory Explanations on Types. Its necessity arises from the con- 
vention ITT which is explained there. 


#11811. F:q!tNe(&){8.aCB8.5.q!Ne(é)a 
Dem. 
F.*10031.3+:Hp.>: 
yeNe(&)B.D.ysmze B= 
[*73-1] D.(qk). Rel) 71-y=D'R.B=GR. 
[*22°55] D.(qR).Rel(Q\l.aCUR. Ra= Ra. 
[x7312] >. (qR). RMasmya. 
- [410031] “Dd. q!Ne(£)'a: Dk. Prop 
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#11812. b:.Ne‘agNefB.3:q!Ne(E)B.3.qINe (Ea 

[*117-32:107 . ¥100°511] 
#118138. bi.gv.diqism’v.3.q!sme“w [#11732] 


#1182. be (utev)e=4 (a, B)+ w= Neca. v= NyetB.m sms (a+ 8)} 
[(#65-01-03) . #110-2] 


#118201. Fig (eter). Dd. sme“(w +r) =(M +e vg 
[*110-44, Note change in enunciation] 


#11821. + rq! (ue +e. ve eo a { smy“p. a ! smg"*y 


Dem. 
b. #1104. &1182.3t:Hp.d.pveN,C. 
[*117-6] Diptoy Bebe wtvyev. 
(#118-13-201.(1IT)] D.qism e.g !smzfv: DF. Prop 


Here the reference (IIT) is to the convention IIT explained in the 
prefatory statement. 
#11822. FiveNC.diqi(ut ve. =- Wl (sme“wt,smev)s. =. 
ai(et+esme“y)g. =. qb (sme t, ve 


Dem. 
b.el1821. 56: Hp. diqiQuteve- = qi(eteve qism: wn. qisme yr. 
[%110°25-4] =o! (sme +, sme'v): qd) 
b.*118°21 . *103°43 .*110°4.3 
be Hp. Di qi(uterye =e ql(uteve Tism“pntp.q ism vy. 
[*103°43.%110°25°4] =.ql(w+,sme vy): (2) 
Similarly Fi Hp. digqgi(Qut. vy. =. gq l(sme ative (3) 


F.(1).(2).(8). > F. Prop 


#118-23. Fip,veNC.D.(u+,r)¢= (sme “pn +, smev) 

Dem. 
b #11821. 110425 Db eg Mtg vee D «(um tevde = (sme a tosmny'v)s (1) 
F. #11822. 3b: Hp.wg! (ut. ve. D- (ute ve =(sme“et,sme“v)e (2) 
+. (1). (2). DF. Prop 


#11824. k:veNC.D. (we +e v)e= (ue +t. sm¢fv); 


Dem. 
F.%118-21 . 4110-425 . *103-43 .D 
big i(utevje.D.(utov)e= (ut. smer) (1) 
Fee1lO4. Dkr wreNC.Dd.(u+yv)e= (w+, smely)e (2) 


F 411822. Dbz Hp. peNCng! (ute r)e- D+ (uo vde=(u +e sme“r)s (3) 
F.(1). (2). (3). F. Prop 


#118241. Fz: peNC.D.(utev)e= (sme uteve [¥118-24. #11051] 
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#11825. b.(uterte w= ((u tere to O]e = le te(Y tem she 
Dem. 
b.&110°-42 .%118- 241-201 . (QIT).5 


bry, veNC.Dd.(utey te P= (uter)s te whe qd) 
b.#ll04. Dhin(uveNC).DeptyaA-(utere=A. 
[*110-4] D-(Uter teme= ((uteretom}e (2) 
b.(1). (2). DF. (utey te ae= (ute rete Fe (3) 
Similarly b (tev te we = {u to(v +e whe (4) 


F.(8). (4). 9b. Prop 
¥1183. Fi (u xv =F {(qa, 8). w= Noeta.v=N,c°B. sm; (a x §)} 
[(#65-01-03) . #1132] 
#118301. Fig! (u x—v). Dd. sm (p xXov)=(u Xgv)e [Proof as in *118-201] 
*11831. Fi qi(ux,r)e.vt0.D.q fsme%p 
Dem. 


b. #1011512. Dkip=0.9.q! smu (1) 
b .#118-203.*1183.3b:Hp.nt0.3.p,veNC-10. 
[¥117°62] D-wXou ep. 
[#118°13:301.(11T)] D.qisme yp (2) 


F.(1).(2). DF. Prop 
#118311. biq!(wx.v)-2+0.3.q! sme fy [#11831 . 113-27] 
#11832. Fi.veNC.p+0.3:q! luxor. =. ql (uw X,smn)z 

Dem. 

b.*113'2038. DF sql (ua xXov)e. D+ peNC ql) 

b. #1132038. DE ral (u xq omy). D. we NC (2) 

F. *113:203 . #118311. 

Fi Hp.dirqi(uxgrye-D-qiw.qismey. 


[*103°43] D.qismpat ee. q ism yr. 
[(1)-*113°26.%103'43] De E(w x, smey)¢ (3) 
b .*113'208 . 103-43. 3 

Fi. Hp. di qi(ux,smev).D. qism@an tye. gq ism vy. 
[(2).#113'26.%103-43] De ql(exore (4) 


F.(3).(4). 95. Prop 
#11833. bs uve NC—10.3.(u xv) = (sme X, 8mg"Y)¢ 
[Proof as in *118°23, using *118°31°311 . *113-203-26] 


¥118:34. biveNC.w+0.3.(u XQv)e= (we x, smen)e 


Dem. 
F. #118311 . #113-203-26 . 103-43. 
big! (ua Xor)ee tO. dD. (u Xev)e= (wm X_ sme ye (1) 
F.#11832. 3b: Hp. gl (u xgv)p. Dev! (we x_sime vy 
[#2451] D(X, ve= (ft Xe sme vg (2) 


F.(1).(2). D+. Prop © 
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#118341. Fi weNC.v+0.3.(wxov)p= (singe x, ve [#118'34. 113-27] 
#11835. Fs: a+ 0.3. (we Xgl Xq o)= {(e Xe ve Xe ale 
[Proof similar to *118°25, using #118°341-301 . *113-203'23] 
#118351. bi pt0.D. (ux pox, ae= [ue Xo(v Xo a)ehe [¥118-35 . 113-27] 
#118352. bi pt 0.0 40.3. fu Xe(v Xe he = ((u Xe re Xe w]e 
{*118°35°351] 
#1184 |. ("p= 9 (aa, 8) p= Nocfa .v = Nyo'B. msm; (aexp 6)} 
{(*65-01-03) . #1162] 
#118401. Fi qty’. D>. smu" =(u")s [Proof as in #118201] 
#118402. Fs.p,veN,C.pt0.pt1. Oi qi Quy. D.ql(uxeve 
Dem. 
b. #1032. Dk: Hp.d:(qa,8).~=Nea.v=aNe'B.are0vul: 
[¥117°651] D: (qa, 8). p=Noefa.v=Netg. 
(Nocia) N's S Nicka x, Nyc“@t 
(#118-13:'301-401.(1IT)] 3 sy! (w")e. 3.  E(u Xev)ese DE. Prop 
#11841. igi (uv $0.3. q tome ne % 
Dem. 
F.*118°402°31. DF: Hp.w+1.p~t0.d.qtsme pw (1) 
b. LOT12°15-241-28. bi. =O0.vep=1:d.qtsmy~ (2) 
f.(1).(2). DF. Prop 
¥1IB-411, bg (ue wk O- EL. Dom! sme [118-402-311] 
#11842. b:.veNC.u+0-mt1. Digi (y)e. =. G! (wm): 
[Proof as in ¥118°32, using *116°203'26 . *118°411] 
#118421. bin we NC.v $0.9: gl (ue. Se! {(seg py) 
[Proof as in *118-32, using *116°203-26 . *118°41] 
4118-43. Fr pve NC—e0. 1.3. (ur)e= [Comme nye}, 
[Proof as in #118°23, using *118°41-411 . *116-203-26] 
#11844, biveNC.4+0.n+1.5.(u") = (wm); 
[Proof as in #11834, using #116-203-26 . #118-411-42] 
¥118-441. bse NC.v $0.3. (u")e= {(smep)"} 
[Proof as in ¥118-34, using #116-203'26 . *118-41-421] 
#11845. br $ 0. $1. Dd. (erode = {yerome}, 


Dem. 
F.#113-23 . #118-44-301 . (IIT). D> 
br Hp.v,aeNO.D. (urXe)p= {yvromiz}e (1) 
F. #113203. Db in(,oeNC).D.vx,o=A. 
[*116203} D. (wre yp= fw" }e (2) 


F.(1).(2). 3. Prop 


SECTION fo UNIFORM FORMAL NUMBERS 193 


#118451. bio $0.3. (uo) =[{(u”)e} 7 


Dem. 
b. #11663. Dh: Hp.weNC.D.(w%*)e= (ue 
[¥116-23.4118-442-401.(ILT)] =[{(o")} le (1) 
b #116204. Db: preNO.d. (uw): =[{(w")] 7] (2) 
F.(1).(2). DF. Prop 


#11846. Fiu+t0.u+1.3. (wr te®) p= {urremel 
[Proof as in #118°45, using *118°44°201 . #116°208 . #110°4°42] 
wALB461, b.(urtoe)e= (ure xo (ule 
Dem. 
b. #11652. Db: p$0.D. (urte™)e = (uw Xg ue 
[#116°35-23.%11833-401.IT)] = {(w)e Xo (u™)s¢ Q 
«*110°4. #113°203 . *116-203 .> 
ru (v, a e NC). D. (ute), = {(w")e Xo (Hehe (2) 
+ #116311 . #113°601. *110°62 .3 
ry,a7eN,.C—10.~=0.9. (urte™)e = {(u")e Xo (uate (3) 
+ ¥*116°311°301 . #110°6 . *113°601 . 3 
rveN,C—10.07=0.6=0.3. (u'te™)e= {(u")e Xo (uP eh e (4) 
Similarly t: oe N.C —1O0.v=0.~=0.9.(u™ *)e= {Cue xo(M™ehe (5) 
F. «116301 . *113°621.5 
bry=O0.0 =0.p=0. 9. (pete )e= [(u")e Xo (U7 )ele (6) 
b. (1) «(2) (8). (4) (5) «(6)» Dk. Prop 
#118462. +. (ute?) = {u” x, (u™)e}e [Proof as in *118°461, using *118°34] 
#118-463. +. (ute) = (ue x, ue [Proof as in #118461, using *118°341] 
#11847, bio+0.3. {(uxyv)"}e=[{(u Xov)e] 7 
[Proof as in *118°45, using *118°441] 

#118471. b:.4+0.04+0.v.c =0.v.n(u,r,076eN,C):9. 

{(u Xo v)7}e= {(w7)e Xo (Y™ ele 


rrrrtTrt 


Dem. 
b.#116°55 DE rwtO.vt0.. [Cu Xo)" }e= (ut XQ v7 Je 


[#116°35:23.4118-33-401.(IIT)] {Cue Xo (vee () 
b .*110°4 .*113°203 . *116'203. 3 

b rew(u,v, 7 ENC). Ds {(w Xo) 7]e= [(u™)e Xo (Yeh (2) 
+. #116°301 . #113°621 . > 

bipveN,C.a=0.D. {(u xgv)*}e= (ute Xo vee (3) 


F.(1).(2).(8). DF. Prop 
4118-472, bs. y+0.v.0=0.v.~(u,n,0€ NC)? D- {(u Xo r)}e= {ua Xo(v™)ehe 
[Proof as in *118-471, using #118-34] 
4118-473. b:.v+0.V.0=0.V.~(u,0,7E NC) 2D. {(u Xo v)"}e= {(u™)eXov™ he 
[Proof as in *118°471, using *118°341] . 
R& W IL 13 


#119. SUBTRACTION 


Summary of *119. 


The treatment of subtraction follows the same general lines as that of 
addition, and is simplified by the results in ¥110. A difficulty arises from 
the fact that subtraction (in any ordinary sense of the term) is not always 
possible; and also from the fact that the result, when possible, is not always 
a cardinal number. 


We put 
#11901. y—,v=F{NeE+,v=y-q!Ne‘E+,»} Df 
Thus when subtraction (in the ordinary sense of the term) is not possible, 
yoo A. 
The question of existential adjustment of types is dealt with by IIT of 
the prefatory statement combined with the following definitions: 


#11902. Ne‘a—,yv=Nc‘a—,vy Df 
#11903. y—,Nce‘B=y—,N.ci8 Df 


We then proceed to deduce the elementary properties derivable from 
these definitions. 


#11911. Figqty—,v.d.y,veN,C 
#11912. b:&eNe‘a—,Ne‘B.=.asmé+B 
#11914. +:fey—,v. Dd. NeteECy—,v 
#119-25. bry dv. Dd. gq! (y—gv) a t'y 
#119-26. biq!y—-.y.d.yQu 


The next group of propositions is concerned with some simple results of 
subtraction. 


411932. bi(yt,v)—~veN,C.3.smy=(y+,.r)—gv 

#11934. biy—,veN,C.3.(y—,v) +.» =sm"“y 

#11935. biy—.ve N.C. d.a+,y=(atyr) to(¥—ov) 
Associative laws are then considered. 

#11944. bi yt,(v—,o)C(pt rv) —o 

#11945. bs (utyv)—,o e NC. {pte(v—_@)} «De pto(v —o @) = (UM +er) oF 
The question of types is then dealt with: 

#11952. fF: sg, y(t _¥)y =(u —ov)s 0 D'sms,y 
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A difficulty arises from the fact that if 7, and 7, are two complete types 
whose members are classes, we cannot prove that, either 7,=sm‘r, or 
T=sm‘‘t,, We put 
#11954 SM(6,y).=:#5=D'sm,,.v.ty=D‘sm,; Df 

Then we obtain 
#119541. SM (8,4). (u—gv)ye NC. (u—pv)seNC.>. 

8Ma,y‘“( 9 )y = (Hg PJs 

Finally we show that any existential adjustment of types will suffice for 

the components: 


#11961. FiweN,C.qiame“u.d.p—,y=smep—yv 
#11962. FiveN,C.qismey.3.n-—,y=y—,smev 
Also *119-25'26 are now extended to 
#11964. Fi.gq tems“. Diu pv. =. q!(u—pv): 
The only applications of the propositions of this number are in connection 
with Inductive Cardinals (cf. *120). 


#11901. y—,v =3 (Ne‘E+, v=. q!NeE+,v} Df 
Here the suffix to the sign of subtraction is introduced to show that we 
are concerned with cardinal subtraction. It will be found that y—,» is not 
an NC except under hypotheses for y and pv. 
#11902. Nef‘a—-v=Ne‘a-,» Df 
#11903. y-,Nce‘B=y—,N.cf8 Df 
#11904. +. Ne‘a—,Ne‘B=Nica—,Noc'P [*119°02°03] 
Note that the occurrence of a formal number in the place of y or v in 
‘y—,v is an arithmetic occurrence, and accordingly IIT applies to it. 
#1191. Fifey—,v.=.NefEt+,vay.qi Ne E+.» [(*11901)] 
#119:101. f: Ee Ne‘a—,». =. Ne‘E+, v= Nieto ((#119:02) . #103°13] 
¥119:102. +: Fey—, Ne‘B.=. Ne‘E +, Ne‘B=y.q! NcE+,NeB 
[(#119-08) . 110-3) 
#119103, +: Fe Ne‘a—, Ne“B. =. Ne‘E +, Ne‘B = Nica 
[#11904 . #110°3 . #103°13] 
#11911. Fiqty-.y.d.y,veNC [110442 . #10334] 
#11912. F:F&eNe‘a~-,Ne‘B.=.asmé+ 8 


WW 


t.#119'103. DF: Fe Ne‘a—, Nef8.=. Ne“E+,NeB = Nic‘a. 

[*110°3]  Ne(E + B)= Nota. 

[x1 00-35.#103-13] .asm£+ 23+. Prop 
Thus Ne‘a—,Ne‘f is an NC when f(asm £+ ) is an NC. 


Ill 
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#11913. ':Nicf’y CNeta—-, Ne‘B.=.asm (y+ 8) 


Dem, 
b.x221. Db. Niefy C Nefa—, Neth. =: Fe Nyc'y. De. Fe Ne‘a—, Ne“B: 
[103°12.4119°12] Diasm (y+) q) 
+. #11015 . #10031. DF :.asm (yt P)-9: Fe Nocty. Dd. (E+ 8) sm(y+8)- 
[73°32] D.asm(E+ 8). 
[#119-12] D.FeNefa—, Ne‘ (2) 


b.(1).(2). +. Prop 
#11914. F:fey—.v.D.NckECy—,y [#1191 . ¥100°31-321] 
#11921. £:8Ca.3.q!(Ne‘a—, Ne‘). 
The notation is defined in *65-01. 
Dem. 
b #2441121. +: Hp.d.a=fv(a-fB).Ba(a-B)=A. 
[*110°32] D. Nefa = Ne‘@ +, Ne“(a— 8). 
[10°24] D.(qé). Feta. Nokia =Ne'B+, Net. 
[*119-103] D.qt(Nefa—, Ne‘), +. Prop 
#119:22. +: Ne‘aD Ne'8.>.q1(Ne‘a—, No‘). 
Dem. 
+. ¥117-221.5)+:Hp.3.(qp).pCa.psm fp. 
[*119°21] D.(qe).q!(Nefa—, Ne‘p).+psm B» 
[*100°35 #11904] D.q!(Nefa-, Ne‘s),: +. Prop 
4119-23. b:q!(Nefa—, Ne‘8).9. (gS). Ssm8.dCa 
Dem. 
F.#119103.3+:Hp.D. (qé&). Nocfa=Ne‘B+. Nee. 
[*110-71] D.(q8).dsm B.8Ca:D+. Prop 
#119-24. F:q!(Ne‘a—, Nefg).3.Ne‘aDNef@ [¥*119'23 . #117221] 
#11925. biy Dv. dD. ql (y—pv) aby 


Dem. 
F.#117-24. 3: Hp... (qa, 8). y=N,cla.v=Nic8. N.cka > Nicks. 
[*117-107] >. (qa, 8). y=Neefa.v=Nye'B. Neas Nels. 
[*119:22-04] >. (qa, 8). y=Nicfa.v=N,c'B. aq! (Nocfa—, NicB)a» 


[(63°02).413193]  D. gH (y—ev) a tfy: Dk. Prop 
#11926. big!y—,v.Dd.ysey 


Dem. 
F.#119°11 Db: Hp.d. (qa, B)-y=Neeta.v=Nye'. g !(Nye“a — Nie) « 
[#119-04-24] >. (qa, B).y=N cla. v=Nc'8.NeaSNe‘g. 


[¥117-107.%13493] 3. ysev:Db. Prop 


#11927. bry Dv.s.q!(y—gv)ntty [#1192526] 
For the extension of this theorem cf. *119°64. 
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#11931, Fig, veN,C.d.sm“yC(y +.) ov 

Dem. 
F.¥l191. (IIT). Db: Ee(yt yv)—gv-=-NevEt+.v=ytor-Glytey (1) 
+. «10051521. Ik: Hp.d:Eesm“y.d.Ne‘E=y. 


[103-221 18-01] D.NeE+,v=y ter. 
[«110-22-03.#103-13] D.NeE+,v=y tov. Gly ty. 
[Q)] D.Fe(ytor)—pvi Dt. Prop 


The penultimate step in the proof employs the principle, explained in 

the prefatory statement, that, since in the previous line the equation 
NefE+,.p=9 ter 
has its sides undetermined in type by the conventions IT and IIT, any con- 
venient type can be chosen for them. The type chosen in this line is such 
that qly+,v, and the references indicate the existence of at least one such 
type. 
#119°32. bi (y+ov)—~veN,C.D.smy =(y +57) ov 
[#119-11-31 . #108°22 . 4100-52-42] 

#11933. +: Ne‘a—, Ne‘BeN,C.3.(Ne‘a—, Ne‘f) +, Ne“@ = Ne‘a 

Dem. 
F.*119:13. 5b: Nocfy = Ne‘a—, NefB.D.asm(y+ 8) qd) 
b. #2018. ¥118-01.3h:. Hp(1).2: 

(Ne‘a—, Ne‘8) +, NefB = N,c'E. =e. Ne‘y +, Ne“sB= Nick. 


[#110°3.*«100°33] =e. &sm(y+8). 

[(1) 108-42] =. Nye‘ = Nefa (2) 
b. #103234. DF :. Hp. Dd: q! Nefa.D.(q£).Nc‘E=Ne‘a. 

[(2).*10°1] D.(Nefa—, Ne‘B)+,NesB=Nefa (3) 


F. #11042. %103'342.5h:.Hp.3: 
a! {(Nefa—, Ne‘B) +, Ne‘B}. >. (qé) - Nyt E = (Ne‘a—, Ne‘P) +, Ne“ « 
[(2).*10°1] D>. (Nefa—, Ne‘f) +, Ne‘B = Ne‘a (4) 
F. (3). (4). D4. Prop 
#11934. biy—,veN,C.3.(y—,v)+,y=sm“y 

[*119-11:33 . *108-2 .*100°51 . #11801] 
#11935. biy—,veN.C.3.a+.y= (+r) te(¥—a) 


Dem. 
b. #1105156. Db: Hp. Dd. (ater) +o(y ov) = 4% +0 {(y —c ¥) +0} 
[#119°34] =at,smy 
[*118-24.4119°11] =a+t,y:I+. Prop 


#11941. 1 :.8¢Ne‘B —,Ne“y.D: 
£e(Nefat, Ne‘) —, Nety. =. {(a+ 8) +} sm (E+) 


Dem. 
b. #11912. #11038. 3+: Fe (Ne‘a+, Ne‘) —, Nefy. =.(a+ 8)sm(E+y) (1) 
b. #11912. D+: Hp.=.8sm(8+¥) (2) 


b. (1). (2). #1101553. DF. Prop 
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#11942. b:.Nc"B-, Ne“yeN,C.9 ¢ Ne‘a +,(Ne‘8 —, Ne‘y). 3: 
Fe(Ne‘a+, Ne‘@) —, Ne“y. =. (y+ y)sm (E+) 
Dem. 
b, #11801 . #110°3 . #103:2. *100°31 . DF :. NycS = Ne“8 —, Ne“y . D+ 
ne Ne‘at,(NesB—, Ne‘y) +=. nem (a +8) (1) 
b.&119°41 . (1). #10312 .*11015. 3+. Prop 
Note that if y be an infinite class, it does not follow from (» + y)sm (E+) 
that »sm¥£, This will be proved, however, when y is an inductive class 
(cf. #120°41). 
#11943, +: Ne‘8—,Ne‘yeN,C.D. 
Nefa +, (Nef —, Ne‘y) C (Ne‘a +, Ne‘8) —, Ney 
Dem. 
F.*119°42.3+:. Hp. 7 Ne‘a+,(Ne"B —, Ne“y). 9: 
ne(Ne‘at+, Nc‘B) —, Ne“y.= «(gy +y)sm(y +4)! 


[*73°3] 2:9 e(Ne‘a+, Ne‘B) —, Ne“y ql) 

b.(1).*221.54. Prop 

#11944. bit, (v— a) C (utr) 9a 

Dem. 

b .#119'11°43 . #103°2.3 
biv—,aeN C.peN,C.d.p+.(¥—o@) Ce tor)—.o (1) 
b.4110°442 .¥11911.5 
bin fp-,-oeNC.weN,C}.3.p+,v-a)=A. 
[24°12] Ds pte (vo Tt) C (uw +yv) oo (2) 
F.(1).(2). 3+. Prop 


#11945. Fs (u+ov)—po@eNC.g! (ute(v—po)} De te (Vo ) = (utter) —o F 
[¥119-44 . 100-338-321 . 110-42] 
#11951. + ism, ,‘(Ne‘a—, No‘8), = (Ne‘a—, Ne‘) n D‘sm;,, 

Dem. 

F. #11912. 3b: ye (Ne‘a—, Ne‘),. Fsm3,9.=.asmn+8.fsm,,7- 
[¥110°15] -asmf+6.fsm;,7- 

[*119:12] - fe (Ne‘a—, Ne‘8);.fsms,y7! 
[*37°1.%33'13] 3 b.sm, ,“(Ne‘a—, NeB),=(Ne‘a—,Ne‘B)sn D‘smg y: D+. Prop 
#11952, zs ,(—--v)y=(%—_¥)s 9 D'smy,y [#1195111] 

The difficulty in respect to types, which arises from the fact that 
smz,,‘(u—_v)y and (4—,v)3 have not been proved to be identical, does not 
exist when y is an “inductive number”; cf. *120°413, 

#11953. F :.t3=Dom,,.D:9ms,,“(p—or)y=(U—ov)s [¥119'52. (¥65'01)] 
rae F:tS=Dem,,.(u—pv)se NC. D.8m,, s(e—, »)s € NgC 
em. 
b.#65°13. Dt: Hp.d.(u-— ys C D'smay. 
[#87°43.%108-22.(%65'1)] D . ql sm,,s(u —o v)s « 
[%100°52.%103'34] D.smys(u—,v)seN,C r+. Prop 


ima 
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#119532. +: tS = D'sm, ,.(u—,v)se NC. (uo )ye NCD. 


aon SMy, 3°“( 9 Y)s = (tg Y)y 


+. ¥119°52531.D+:Hp.d.a!(u—o)y- 
[*119°52-531.%100-34]  D.sm,,s(—2)s=(w—gv)yt DE. Prop 
#11954. SM (8,y).=:45=D‘sm,,.v.ty=D‘sm,, Df 
#119°541. +: SM (8,7). (e-gu)ye NC -(u—pr)seNC.D. 
sims,y(u—gY)y= (ea v)s [#119°53°532] 
¥11961. Fi weN,C.qtsme“u.d.~—.y=sme“p— vp 
Dem. 


F.xl191.3b:. Hp. dinep—y.=s Net yv=u+ Alp 
[#103+16.%118'201 37°29] =. (Ne +, »)¢ =sm;"p. 
[*119-1] =.nesm:“p—,v:.2t. Prop 
#11962. FiveN,C.qism:“v.3.4—,y=p—,sme“y 
Dem. 

fF. #1191. 3+: Hp.dinep—,y.=.Neo'nt+, v=. qt pe 
[#110°25] =.Ne'n+,smov=u.qlp- 
[¥119°1] =.nep—,smzv:. +. Prop 


#119°63. Fip,veN.C.qism“p.2.~— y=smyp —, smz“v 
Dem, 
F.#l1926. 3b: Hp.qip—y.d.ppev. 


[*118-13] D.qismy. 

[#119°61°62]} D.p—pv =smep —, sme y (1) 
b.*119°11 . *103-:13.3 

bt: Hp. ! sme —,smey. D. gt sme y. 

[4119°6162] Di og v = sing yw —, sme (2) 


b.(1).(2). Db. Prop 
¥*119°64. biqism“w.dip pv. =.ql(u—ove 


Dem. 
b.xl1724.0  Dbki Hp. Dippy. dD.p,veNC.q! sme yp. 
[¥119°61] Do (weve = (sme —ov)e (1) 
+. #117-24244.9:.Hp. dip dv. Dd. sme “pov. 
[x119-27] Dim (sme pv)» 
[a] Dea (ue )e (2) 


b. (2). #119°26 . F. Prop 


#120. INDUCTIVE CARDINALS 


Summary of *120. 


Inductive Cardinals are those that obey mathematical induction starting 
from 0, %.e. in the language of Part II, Section E, they are the posterity of 0 
with respect to the relation of v to v+,1, or, in more popular language, they 
are those that can be reached from 0 by successive additions of 1. In former 
days, these were supposed to be all the cardinals, and mathematical induction 
was treated as a kind of self-evident axiom. We now know that only certain 
cardinals obey mathematical induction starting from 0. It is these cardinals 
which are to be considered in this number. They embrace 0, 1, 2, ... and 
generally all those cardinals which would be commonly called finite, all those 
which can be expressed in the usual Arabic system of numeration, and no 
others. The propositions to be proved concerning them in this number are 
elementary and familiar; the interest lies entirely in the definition and 
method of proof, not in the propositions themselves. 

Put NC induct = @ {a(+, 1), 0} Df. 

Since (+, 1), has necessarily its domain and converse domain of the same 
type, it is important to be careful in noting the relations of type. Accordingly 
we also put 

NC induct = @ {a (+, 1) 0} Df. 

We begin by applying the propositions of *90. Thus we have 
#12011. br. aeN,Cinduct: b€.3¢.6(E+,1): 60,23. ga 
#12012. +.0¢NC induct 
#120121. Fae NC induct .3. (a+, 1)z¢ N¢C induct 
#12013. +:.aeN,Cinduct: &e N,C induct . dE. Dg. 6(E+,1): 60,23. ha 
#12015. FiaeNCinduct.q!a.3.sm‘ae NC induct 
#120151. bi ae NCinduct.q!la.d.a+,1¢NC induct 
#120152. F:aeNC.smae NC induct —t'A.D.a¢e NC induct — fA 

We then proceed to deduce the elementary properties of inductive classes, 
putting 

Cis induct = s‘NC induct. 

We have 
¥120°21. |: peClsinduct.=. Nye‘p e NC induct 
#120211. + : Ne‘p e NC induct — ‘A.D. p e Clsinduct 

(We do not have an equivalence here, because, for aught we know, it 
might be possible to determine the ambiguity of Ne‘p so that Ne‘p=A, 
even when peClsinduct. This will not be possible, however, if the axiom of 
infinity is assumed.) 
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4120212213. +. A, Uae Cls induct 
#120214. F:.psmo.:peClsinduct.=.o¢ Cls induct 

We have a set of propositions applying induction to classes directly, and 
not through the intermediary of cardinals. Thus we have 
#120251. bs ye Clsinduct. 3.7 u eye Cls induct 
#12026. +:.peClsinduct: ¢n.3,2+¢(n VU): GAD. dp 

We then state the axiom of infinity, and prove (*120°33) that it is 
equivalent to the assumption that if a is an inductive cardinal, a+a+,1. To 
prove this, we first prove various propositions about a+, 1, among others the 
following: 
#120311. Fiqlat,l.a+,1=64,1.3.a=sm"“8.qla 
#120322. F:.aeNC induct. D:qia.=.a+%+,1 

We then proceed to consider subtraction (*120-41—-418), which only 
gives a cardinal number when the subtrahend is an inductive cardinal, 
We have 
#12041. F:.veNCinduct.qlat .y.diaty=B+,y.2.a=sm"8 

We might validly put a= instead of a=sm‘‘8, since a= will be true 
whenever it is significant. 

We have 
#120411. b:.veNCinduct.3: 

Aly—yv.dsy—gueN.CiyBSv.=.(y—pv) nbiye NC 

41204111. bs. ve NCinduct.q!smpy. Dig Dp. =. (y—pv)ge NC 

Hence we arrive at the conditions requisite for the usual point of view of 
subtraction; namely, 
#120412. tye NC induct. yy. q temey oD. (y pv) = (10) (atov=Vhe 

Also from *120°4111 we deduce 
#120414. Fi we NC — 160. tame". D . (w—o Lge NC 

And from *120°411 . 119-34, we find 
#120416. ve NCinduct.q!y—,v. D+ (y—ov) +.» = smi “y 

We prove next that no proper part of an inductive class is similar to the 
whole (*120°426), i.e. that inductive classes are non-reflexive, and various 
connected propositions, e.g. 
#120423. +: ae N,C induct —'0.=.(q@).BeN,Cinduct.a=(6+,1), 
#1204232. + :a¢eN,C induct — 1'0.=.(q8). fe N,C induct—t‘A.a=(8+,1), 
4120-428. Five NCinduct.qlat .y.a+0.3.a+,y>p 
#120429. Fi.ve NCinduct. Diu >v.s.pDvtel 

The last two of the above iropositions do not hold in general when » is 
a cardinal which is not inductive. 
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We prove next that if a is an existent inductive cardinal, then any 
existent cardinal is greater than, equal to, or less than a (#120-441); that 
if a, 8 are inductive cardinals, so is a+, A (*120°45°450), and if a+,8 is an 
inductive cardinal other than A, so are a and 8 (*120:452). We then have 
some propositions dealing with mathematical induction starting from 1 or 2, 
e.g. 

#1204622. t:.aeNC.@eNC(n)-q!sme“B.D: 
B (+e Ly sm,“ a. =. mg B (+.1)4 sme “a 
#12047. b::8eN,Cinduct—1'0.=:. Few. Dee(Etol), emi le wi Me Bew 
From *120-452 we deduce 


#12048. +:@¢NCinduct.8 a. >.ae NCinduct— iA 
so that any number less than an inductive number is inductive. Hence 


#120481. f:y¢Clsinduct.&C7.9. &eClsinduct 
which is a proposition constantly used, and 


4120491. bz. se Clsinduct.=: fe NC induct .3,.q! 8a CE 


We then prove that if a, 8 are inductive cardinals, ax, and a are 
either inductive cardinals or A (*120°5°52), while conversely if a x, or a? 
is an existent inductive cardinal, a and @ are so also, with exceptions for 
0 and 1 (*120:512°56561). Hence we infer the uniqueness of division and 
the taking of roots («120'51°58'55) so long as inductive numbers are concerned. 


We have next a set of propositions on the axiom of infinity and the 
multiplicative axiom. We prove (*120°61) that if there is any existent 
cardinal which is not inductive, the axiom of infinity is true, From *83-9:904, 
we infer by induction that if « is an inductive class of which A is not a 
number, ea‘« exists (*120°62), whence it follows that either the multiplicative 
axiom or the axiom of infinity must be true (#120°64). 


Finally, we have a set of propositions on inductive classes. We prove 
#12071. Fi p,ceClsinduct.=.pvoeClsinduct.=.p +o Cls induct 
#12074. b:p¢Clsinduct. =. Cl‘p ¢ Clsinduct 
#120°75. + : sce Cls induct. =. «e¢ Clsinduct . « C Cls induct 


with analogous propositions (involving however a hypothesis as to «) on the 
subject of ea‘. : 


The propositions of the present number are essential to the ordinary 
arithmetic of finite numbers. In the present work, however, they are not 
much used after the present section until we reach Part V, Section E, where 
we deal with the ordinal theory of finite and infinite. 
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#12001. NC induct =@{a(+,1),0} Df 


Note that in virtue of our general conventions for descriptive functions of 

two arguments (*38), 
+.1=88 (a= +,1). 

That is, +,1 is the relation of a cardinal to its immediate predecessor. 
It is the number written in the usual mathematical notation as +1 in the 
series of positive and negative integers, just as its converse is the number ~ 1. 
(It should be observed that if » is any cardinal, +» is not, identical with », 
since + v is a relation, while v is a class of classes.) 


#120011. N;Cinduct = {a (+5 l)y 0s} Df 


All members of N;C induct belong to the same type as 0;, so that, if a is 
any member of N,C induct, “£¢a” is significant. 


#12002. Clsinduct=s‘NCinduct Df 
#120021. Cls;induct =s*N;C induct Df 


In virtue of these definitions an inductive class is one whose cardinal is an 


inductive cardinal. 


*12003. Infinax.=:aeNCinduct.3,.q!a Df 


“Tnfin ax,” like “Multax,” is an arithmetical hypothesis which some will 
consider self-evident, but which we prefer to keep as a hypothesis, and to 
adduce in that form whenever it is relevant. Like “Mult ax,” it states an 
existence-theorem. In the above form, it states that, if a is any inductive 
cardinal, there is at least one class (of the type in question) which has a terms. 
An equivalent assumption would be that, if p is any inductive class, there are 
objects which are not members of p. For in that case, if # be such an object, 
No“(p v t'2)=Ne‘p+,1. Hence by induction, every inductive cardinal must 
exist. Another equivalent assumption would be that V (the class of all objects 
of the type in question) is not an inductive class. The assumption that &, 
exists in the type in question is, as we shall sce, a stronger assumption than 
the above, unless we assume the multiplicative axiom. 


If the axiom of infinity is true, the inductive cardinals are all different 
one from another, 7.e. a+,8, where a and § are inductive cardinals, is not 
equal to a unless 8=0. But if the axiom of infinity is false, then, in any 
assigned type, all the cardinals after a certain one are A. (Except in the 
lowest type, the last existent cardinal must be a power of 2.) That is, if (say) 
8 were the largest existent cardinal in the type in question, we should have, 
in that type, 9=A, and the same would hold of 10, 11,.... This possibility 
has to be taken account of in what follows. : 


204. CARDINAL ARITHMETIC (Part tr 
' 


In order to give typical definiteness to the axiom of infinity, we write 
#12004, Infinax(#).=!aeNCinduct.3,.q!a(z) Df 


Then “ Infin ax (x)” states that, if a is any inductive cardinal, there are at 

least a objects of the same type as «. 

#1201. b:aeNCinduct.=.a(4+,1),0 [(#12001)} 

#120101. F ::aeNCinduct.=:. fey. 2¢.F+,leuiOeu:D,.aen 
[¥120-1 . ¥90°181 . ¥38°12] 

The right-hand side of the above equivalence gives the usual formula for 
mathematical induction. Observe that the conditions of significance require 
that &+,1 should be taken in the same type as &. This fact is specially 
relevant in the proof of #120°15. 

The symbol “NCinduct” is of ambiguous type not necessarily the same 
in different occurrences; also, according to the convention explained in the 
prefatory statement as holding for NC and NC induct, “a, 8 «NC induct” will 
not imply that a and @ are of the same type. Accordingly to avoid error in 
connection with *120'1-101 typical definiteness is required as in the three 
following propositions. 


#120102. b: ae N,C induct .=.a(+,1)%0, [(%120°011)] 
#1201038. F::aeN,Cinduct.ai. fey. Dp. (Eto le wi 0,6 wi Dd. wee 


[120-101] 

#12011. Fi.aeN,C induct: f&.3;. 6(E+,1): 60,29- da 
[¥120-102. #90112] 

#12012. +. 0c NC induct [ «120101 3 


#120121. F sae N,Cinduct.3.(a+,1)¢¢N;C induct [#90172 . *120°102] 
By means of this proposition and *120-12, any assigned cardinal in the 

series of natural numbers can be shown to be an inductive cardinal; thus e.g. 

to show that 27 is an inductive cardinal, we shall only have to use #120121 

twenty-seven times in succession. 

#120122. +. 1¢ NC induct (#120°12°121 . *110°641] 

#120123, +. 2eNCinduct. etc. [120122121 . #110643} 

#120124. f.a+.140 


Dem. 
F.#110°4. Transp. DF:aveNC.D.a+,1=A. 
[#101-12]} D.a+,1+0 (1) 
F. #110682. >Dbs.aeNC.d:feat 1.3.q18&: 
[#2463] D:Aneat,l: 
[#54102] D:a+4+,140 (2) 


F.(1).(2). DF. Prop 
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#12013, | :.aeN,Cinduct: &¢N,C induct. 6&. 3s. $(E+,1): 60,23. da 
Dem. 
+. #120121. 3+: £eN,Cinduct. p£.3;.6(E+o1):3: 
Ee N,Cinduct. $£.3;«(Etol),¢N,Cinduct. 6(E+,1) (1) 
F.*12012. Dh: 60,.5.0, ¢ N,C induct . 60, (2) 
F.(1).(2). Dk. Hp.d: 
Ee N,Cinduct.p& . Dg. (E+, 1), ¢ N,Cinduct . p (E +1): 0, ¢N,C induct. 0, : 


[+1201 EE | DiaeN,Cinduct. gas. . Prop 


The above proposition is often convenient for inductive proofs. 
#12014. +.NC induct CNC 
Dem. 
F.#*110°42.Simp.t:aeNC.3.a+,1leNC (eb) 


b.(1) .#LOL-11 . 12011 — Db. Prop 


This proposition does not show that every inductive cardinal is an ewistent 
cardinal; to obtain this, we require the axiom of infinity. 
#12015. b:aeNCinduct. qla.>.smae NC induct 

Ze. a cardinal which is not null and is inductive in any one type is also 
inductive in any other type. 


Dem. 
F .*101°15 . *120:12. 3+ . sm, “0; ¢ N,C induct q@) 
b.xl104. Dh.a=Age dD. (a+, l)s= Ag (2) 
b.¥118-201. Db gi(a-te lg. D. 9m," (a+, 1)p= (a+, 1), 
[#118-241.%#110°4] = (sm, a +91), (3) 
F.*120°121. DFiqg!(a+,1).sm,“aeN,Cinduct . >.(sm,‘a+,1),¢N,C induct . 
[(3)] Dism,“(at+,lgeN,Cinduct (4) 


b.(4), #22. D:.sm,aeN,Cinduct. 3: 
(a+, 1)g= Ag. ¥.sm,“(at, l)geN,Cinduct (5) 
b.(2).(5). #848. Db s.a=A;,.v.8m,“aeN,Cinduct:3: 
: (@ +5 1)¢=Azg-v.9m,“(a+,1)¢N,C induct (6) 
F.(1). (6). #120°11 . #46. DF. Prop 


#120151. bk: aeNCinduct.q!a.3.a+,1¢NC induct 


Dem. 
F.*12015.Dbiae NC induct. qia.d.sm,“ae N,C induct. 
(¥*120-121] >. (sm, “a+, 1), ¢ NC induct . 
[*118-241.*120°14] D.(a+41),¢N,C induct : 3+. Prop 


#120152. F:aeNC.sm‘ae NC induct —e‘A.3.ae NC induct —fA 
Dem. 
+. *100521.3+:Hp.>.sm‘‘sm“a=a. 
[12015] D.ae NC induct (1) 
F.43729.. Dk: Hp.d.q ta 2) 
F.(1).(2). DIF. Prop : 
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The following propositions, giving alternative forms for the definition of 
inductive classes, are inserted in order to show that the theory of inductive 
classes might be treated in a less arithmetical manner than we have adopted. 
#1202. F:peClsinduct.=.(qa).aeNCinduct.pea [(*120'02)] 
#120201. F :.psma.3: No‘pe NCinduct. =. N,c‘o e NC induct 


Dem. 
+. #100°35 . 103-18 . #100°511.3 


F:Hp.3.N,cfp=sm“N,cfo . Nieto =sm“N,cfp: 
[%120°152.%103-13] 2+. Prop 
*12021. :p¢Clsinduct.=.N,c‘p« NCinduct 


Dem. 
b.4120142.D:pe¢Clsinduct.=.(qa).aeNCinduct.aeNC.pea. 
[*103-27] =.(qa).aeNC induct. Nyc‘p=a. 
[k13'195] =.Nie‘pe NC induct: D+. Prop 


Note that “peClsinduct.=.Ne‘peNCinduct” is not proved above. 
The proof encounters the difficulty that we may have Ne‘p=A; in order to 
establish our proposition in this case, we have to show that if A e NC induct, 
then every class is an inductive class. We can however prove the following 
implication. 

#120211. +: Ne‘p e NC induct — A. 3. p¢ Cls induct 


Dem. 
+. #100°511.3+:Hp.d.sm*“Ne‘p =Ncfp. 
[&120'15] D.Nycfp e NCinduct. 
[&120°21] 2D. peClsinduct: DF. Prop 
#120212. +. Ae Clsinduct [#120°211-12] 
#120213. |. tz e Cls induct [#120°211°122] 


#120214. F:.psmo.3:peClsinduct.=.c¢Clsinduct [*120-201-21] 
The following propositions are lemmas for *120°24. 

412022, Firqew.D, yen vlyewtAeui ry. pewter. pe Clsinduct 
Dem. 


b.*120°212. 4. Ae Cls induct (1) 
Fee5L2. Dhkuyeq.Iiquiy=n: 

[*13-12] D>: Clsinduct. 3.7 v tye Cls induct (2) 
F.*11063. Dhi.yren.D:No(n vity)=Ne] 4,1 

[(#110-08)} =Nie'n tel! 

[#120121] 3: Nyt e NCinduct . >. Nyc“(q v ey) e NC induct: 
[*120-21-211])  * D3: n¢Clsinduct.3.9 vu tty e Cls induct (3) 
F.(2).(3). DbsyeClsinduct.d.7 vu ety eClsinduct (4) 


b #101. (1). (4). DF. Prop 
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#120221. Fi. nem. Dy enulyem: Nop Cui: 2.Nep+1 Cu 


Dem. 
F .*110°63 .*100°31.5 
Fr €eNefpt+.1.=.(qny)-neNefp.yren. C=quty (1) 
F.x221. DbiHp.DdineNep-D.yeu- 
[*10°1] D.gvVlyeu: 
[*3°41] DineNefp-yren.Deqgul yeu: 
[*13-12] Dine Ne‘p.yren.fC=qul'y.d. feu (2) 


F.(1). 2). 3b: Hp. 3: feNefpt+,1.5.fe m1. 3+. Prop 
#120222. FinnemsD, yen ulyeurEeNC.ECu:3.F4+,1 Cn 
Dem. 
+. #1004.5b: Hp. ql&.3.(qa).F=Ne(t)'a. Ne(OHacCu. 
[¥120:221] >. (qa). £=Ne(f)a.Nea+,1 Cp. 
[*118-01] D.F4+,1 Cu qd) 
FeellO4. Obra gli. Dd. &+,1Cu (2) 
F.(1).(2). DF. Prop 
The proof of this proposition might also proceed by the use of uniform 
formal numbers, employing *118°241. 
#12023. Fi.neu-D,yen¥lyeuw: New: 2. Clsinduct Cu 
Dem. 
b.e512.4541. Db: Hp.d.0Cp (Ql) 
.¥120-22214, Dt: Hp.d:£eNCinduct.£Cpw.d-£+,1Cn (2) 
b.(1).(2).#12013.3+:. Hp.d:&eNCinduct.d.& Cy: 
[%40°151.(*120-02)] 2: Clsinduct Cu:. 3+. Prop 
#12024. FispeClsinduct.=:.neu-D,y-nulyemi deni ry-pep 
Dem. 
b .120°28. Db i: peClsinduct. i.e p.D,y-nyulyeprAewird.pew (1) 
F.(1).#120°22. 55. Prop 
This proposition might be used to define inductive classes. It gives a 
form of mathematical induction applicable to classes instead of to numbers. 
Virtually it states that an inductive class is one which can be formed by 
adding members one at a time, starting from A. This is made more explicit 
in *120-25. Instead of new.D,y.7¥ tYyep, in the above propositions, as 
well as in those that follow, we may plainly substitute 
NE Le Yen = Inyo DQ VEY EL. ve 
#12025. : M= 9 (gy). C= 7 vty} . >. Clsinduct = My‘A 
[#12024 . 90°131] 
¥120:251. F: 7 ¢Clsinduct.3.9 vityeClsinduct [#90172 . #12025] 
#12026. +:.peClsinduct: dn -I,0.0(n ¥ UZ): PAD. dp 
[¥120°25 . *90°112] 
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#120-261. Fs. p ¢Cls induct : 7 ¢ Clsinduct .$7.3,,2.6(9 vt): pAt>- dbp 
[#1 20-26:251-212] 
#12027. t:peClsinduct.>.Ne‘p a t*y e NC induct 
Dem. 
b. #12012. 3+. NefA n thy e NC induct (1) 
by #1312. Dk: Ne‘ nt*ye NCinduct.yen.>. 


Ne(n v tty) a ty e NC induct (2) 
+. #11063. #1207121. 


b: Ne‘n n thy e NCinduct .yren. 3. Ne{(y v ty) 9 ty e NC induct (8) 
b.(L). (2) . (8). #120-26.9. Prop 

This proposition also follows immediately from #120-21°15. 
#1203, +:.Infinax.=:a¢NCinduct.3,.q!a {(«120-03)] 
#120301, + :. Infinax(#).2:aeNCinduct.3,.q!a(z) [(«120°04)] 


#12031, b:q!Nefat,1.Nefa+,1=Ne8+,1.39.Ne‘a=Ne‘B.asm B 
Dem. 
+. 411068. Dh: Nefa@+,1=Ne8+,1.=: 
(ayy) ysma.yrey.F=y vity. =z. (qd,2).dsmB.zr~ ed. F=8u le: 
[101] Diysma-yrey.d. (qd, 2). SsmB.zred.yuly=Suie, 


[*73°72'3] >.(qd).8sm8.ysms. 

[#7 3°32] D.ysmf. 

[*73'32] D.asm B (1) 
+. #*11063.3+:Hp.>.(qy,y).ysma .yrey (2) 


b.(1).(2). #100321... Prop 


#120311. Fi qlat l.a+,1=84,1.).a=sm“8.q!a 
[4120-31 . #110°4 . #103°16-4:2] 


¥*120°32, F:aeNCinduct.qtla.d.a+a4,1 
Dem. 

£10122 . #110641. 3+. 0240; +.1 qd) 

F.#120°311 «#11044, DF raeNC.qlat,l.a+ lsat 14,1.3.a=a+,1: 

[Transp] Dhkz:aeNC.qta+,l.atat .1.3.a4+,14a4+,14+,1: 

[4118-225] Db raeNC(E)ql(atel eat (atel)p-D-(atel et {(ateLetele (2) 

+.(2). Dh. aeNO(E).a+(at,lpeDi(atyl p= A.V. (ate Ls+{(ate ete le (3) 

F.#110-4. Transp. DF .ave NC (E).v.a= Agi Dd. (ately = Ag (4) 

b.(8).(4)- Dba =Ag.viat(atyl)rd: 
(a+el)p=Agev. (ate le+ [(ateletel}e (5) 

F.(1).(5). #12011. D+ :.a@ N.C induct.D:a=Ag.v. at(a+, let. Dt. Prop 
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#120321. Fiatat 1. d.qia 


Dem. 
F.#1104. Transp. DFra=A.d.a+,1=A (1) 


+.(1).Transp. Dt. Prop 
#120322. | :.aeNCinduct. 3: qia.2.a+a+,1 [¥120°32°321] 
#12033. | :.Infinax.=:aeNCinduct.3,.a+a+,1 [#1203322] 


#12041. F:.veNCinduct.qlat ,y.diat.y=Bt.y.2-a=sm"8 
Dem. 
F, #1104. Transp .*118'25.3b:(at .vy=A.D. (at. (vtele=A (1) 
F#l18-25 Dba qtifat, (vt, Usle- Die (a tovdete lies. 
[*120°311.%110°4.4118'201] 
Die ((Atoretelle= (BA terete Le D- (Ate r)r=(B +e v)er 
(Syll.4118-25] Di. (atove=(B tere. 2-a=sm"“B:d: 
fate telle= (8 te( tel)sle-D.a=sm"B (2) 
+.(2)-Comm. Dkis(at y)g=(B t.v)p.D.a=sm8:D:. 
[@to(e tol)ghe= Arve: fate(y telje= [8 tev tells. 3-a=sm“8 (3) 
F.(1). (8). DEr(atevg=ArVvi(aten)p=(B+ev)p.2-a=sm"B:.9:. 
{a too te Lyles Arve [ate (v tel le= [8 tev te 1)]¢-D-a=sm“B (4) 
+. #1104. 4118-21. 5+: !(8B+.0).3:B8eNC.qism 8: 


[%102'87.%100°51] D:sm;“a=sm;“8.d.a=sm"B (5) 
b.k11064. Db: q! (a+. 0g. (a +,.0)2=(8 +, 0)¢. D. smeffa =sm;“8. 
[(5)] 2.a=sm“p (6) 


F. (6). Exp #46. Db 3. (a+, 0)e=A tv 2 (a+, 0)¢=(8 +,0):- 2 -a=sm“B (7) 
F.(4).(7).#120°11.3 
bisve N,Cinduct.3:.(at+ppg=ArVi(at .y)=(B tory. I.a=sm"8 (8) 
F.#1104. DE:v=A,.D. (a+ .r)=A (8) 
+ .#12015. Dbi:veN,C induct — ‘A. D:.sm;“v = NC induct :. 
[(8)] Ds. (ato smev)p= A rvs (at, sme ye = (8 +,.8mjv)p- J. a=sm"Bi. 
[118-24] Ds.(a tere Asvi(a+.r):= (8 +er)p-D-a=sm"B (10) 
F.(9).(10). 3. Prop 

The above proposition establishes (with the natural limitations) the 
uniqueness (within each type) of subtraction (conceived as in #120412) when 
the subtrahend is an inductive cardinal. (When the subtrahend is a non- 


inductive cardinal, subtraction ceases to give a unique result.) Hence we 
are led to the following extensions of «118 for the case of inductive cardinals: 


R&W IT 14 
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#120411. F:. ve NC induct .>: 
Dly ove Dey—aveN Cryer. 5. (y~yv) a hye NC 
Dem. 
F.¥1191.3:.»¢NCinduct.3: 
Eqey—pvsD NeE+t.y=y.Neq+ yay. GiNeEt.v. 


[*20:22] D.NefE+,v=Ne'n +r. qi Net +r. 
[#120-41.%100°511.(411003)] >. Neff =Ne'p (1) 
F. (1). #11914. Dt: Hp.diqty—.v.d.y—-,ve NC (2) 
F .#119°27 . (2). Dh:Hp.diySv.d.(y—-—v)ahiyeN,C (8) 
F .4108°22 . 4119-27. 3b: Hp. di (y—.v)ntfyeN,C.3.y>v (4) 
F.(2).(8).(4). DF. Prop 


#1204111. Fs.» eNC induct. q!smiy. Diy Bev. -(y—_v)pe NLC 
Dem. 
+ .411964. 3+: Hp. diy Dv. d. ql (y—or)ee 
(*120°411] D.(y-_v)g eNO (1) 
b. (1) «#11926 . #103:13.3+. Prop 
#120412. b: ve NCinduct.y>v. qt sme “y. >. (y —ov)e= {(20) (@+ou=y)}e 
Dem. 
+. #1204111. 3: Hp.d.(y—,v)ge NC. 
[#11934] 2. (yer) tor =9 a) 
F.4#120°41 . 4103°43 £43729. 3+:.Hp. Ds at pve. Boy =~ Da,p.a=8 (2) 
F.(1). (2). Dk. Prop 


#120413. F: weN,C.3.4-,0=sm“p 


Dem. 
F.#l191.3b:.Hp.d:feu—,0.=.N.cF4+,0=n.qlp. 
[*110°61.4*103'13] =.Ne‘f=p. 
[4103°44-4)] =.N,c‘&=sm"“y. 
{*103°26] =.f&esm‘w:. 3+. Prop 


4120414. Fs weN,C~6O.qlsmeu. Dd. (u—, Lge NC 
(%120°4111 . #117°53] 

#120415. bs we N.C —-¢0—e1. qemu. 9. (w—_2)pe NC 
[120-4111 . #117551] 

*120°416. F:ve NCinduct.qly—.v-D.(y—gv) toy =sm‘“y 
[¥120-411 . 119-34] 

#120417. bi we NC— 0. tame ty. Dea toy =(a +91) +o (yo le 
[¥120°414. #119'35] 


#120418. bs ve NC induct. q lamp yey BvD -a+ey=(A+0r) +a(¥ eve 
{41204111 . *119°35] 
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#12042. F:veNCinduct.qiv.at0.3-.v$a+or 


Dem, 
F.¥110°61 . #12014. DF: ye NC induct. 3.v=O0 +.» (1) 
b. #12041. Di ye NC induct. qt0+.9-0+.y=at .y-2.0=6 (2) 


F.(1).(2). Dh eve NC induct. qiv.v=atpy.I.4=0:D+. Prop 
¥*120422. b:a+,1eNCinduct—uA.3.a¢ NC induct —t'A 


Dem. 
F.&120°1-124. #917542. Db: a+,leNC induct... (a+, 1) (+o1)p00+ 


[91-52] D.(qB) «(ate (4a B+ B(tel)y 0. 

[120-1} D.(q8).a+,.1=R+.1.8¢ NC induct (¢9) 
+. «120311. Dt: Hp. diat+ l=B4+,1.3.a=sm"*B.qia ~ (2) 
F.(1).(2).#12015.5+:Hp.>.aeNC induct (8) 
F.(8).*1104.3+. Prop 


¥120-423. bi ae N,C induct — 10. =. (48). 8¢N,C induct.a=(8+,1), 
Dem. 
+, #120°121124.3+:8eN,C induct .a=(8+,1),.3.aeN,Cinduct—e‘0 (1) 
F 120102. #91542. 5 bsaeN,C induct ~t0.3.a(+.1)0,- 
(*91°52] D>. (GB) + @(+61) 8 -B (+. 140, + 
[*120'102] >.(qA).f8eN,C induct.a=(8 +, 1), (2) 
F.(1).(2). D+. Prop 
41204231. bs ae N,C induct.3.(q8).8¢N,Cinduct—iA.(a+,1),=(B+ol), 
Dem. 
b. 10°24. 410112. *120°12..5 
+. (q@). BeN,Cinduct — 1A. (0+,1),=(8 +e], () 
F.¥120121. Db. !é.D: 
BeN,C induct —1'A.&=(84,1),.3.£e N,C induct —t'A.(E +, 1), =(E +01), ! 
[#10-23-24] Dz (q@@). Be N,C induct — ‘A. E=(8 +, 1),+D- 
; (ay) «ye N,Cinduct — ‘A. (€+.1),=(y +01), (2) 
b. 1104 .#13:17.3 
biwg!é.3:8eN,Cinduct—tA.E=(8 +.1),+3- (Ete 1) =(B tol)? 
[#1028] 3:(q)-BeN,Cinduct-uA.&=(84+,1),.9- 


(a8). Be N,C induct — fA. (E+91))=(8 to)» (8) 
F .(2).(8).D 2 (qB). Be N,C induct —e‘A.E=(8 +, 1),-9- 
(q8)-BeN,Cinduct — 1A. (E+e1),=(8 to) (4) 


F.(1) (4) (Eten. «12011. 
FiaeN,C induct. 3.(q@). Be N,C induct —e‘A .(@+,1),=(B +5 1),: 
Db. Prop 
#120°4282, b:a¢N,Cinduct—t'0.=. (q8)-ReN,Cinduct—i‘A .a=(B+,1), 
[120-423-4231] . 
14-2 
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4120424 F840. g!(a+,B)e-2+(a+e8)p—ol =a te(B 9 1)s 
Dem. 
b. #1104262. 3: Hp.d.(a+,B)geNC—tA—10. 
[*120°414.4103-13] D.q!(a+.B8)e—o1 (1) 
F110. 118-21 . #120414. #103138. 5b: Hp.d. aq t(8—_1)¢ (2) 
F. (1). (2) «#120416. 
t:Hp. 3. {(a+,8e—l}+-l=at+,8-(8-.1)+,1=8.- (3) 
[¥110°56] D. {(a+teA)e—o1} +01 = {a+e(8 —ol)s} +1 (4) 
F.(3). Dt: Hp.d.qt[{(a+eB)e—el} +e (5) 
F.(4). (5). #120°311 . #11044. 
tb:Hp.3.(a+,8)s—el =a+,(8— 1): D+. Prop 
#120425. F:.(a+,B)se N,C—t0.9: 
D (@+¢B)e~el=a+o (Belge Vs (a +e 8)e-e l= (a—g1)p +A 
em. 


+. 11062. «103-22. D+: Hp.DdD:at0.v. B40: q!(a+,8)e (1) 
F.(1). 120-424. F. Prop 
#120426. +: pe Clsinduct.pCo.q!ia—p.2.~(psma). Ne‘p < Nefo 
Dem. 
+ .#110°32.3+: Hp. >. Ne‘o=Ne‘p +, Ne“(o — p) (1) 
F. #10114. 3+:Hp.>.Ne“(o—p)+0 (2) 
F.(1)«(2)- #12042 . #117-222-26. +. Prop 
4120427. fk: Rela1.C‘RCD‘R. qt D‘'R-CTR.D. D‘'R~e Cls induct 
[*120°426 . Transp] 
The above proposition shows that no reflexive class is inductive. 
#120428, ft: veNCinduct.qlat .yv.a¢0.3.a+,y>v 
Dem. 
F,*117511.#1104. DF: Hp.d.a>0.veNC. 
[117-561.%110°6] Diateyey (1) 
F, #120°42.41104. Dk: Hp.d.at ver (2) 
F.(1). (2). #11726. Db. Prop 
#120429. F:. ve NCinduct. Ji u>v.=-pevt,l 


Dem. 
b.#120°428. Dk: Hp.DdiweNC.w=v4,1.3-p>0v: (1) 
[#117°47-12]} Diwmyvt 1.d.p>v (2) 
b.#11781. Dhkipov.d.(qo).aeNC.p=vigo (3) 
b.&117'2612. Deki pov. Dd. $v+,0 (4) 
b. (3). (4). Dkipo>v.d.(qo)-weNC-10.u=v4.o. 
[*117°531] 2.(qo)-eSlip=rvt.o. 
[*117°31] >.(qe,p)-peNC.a=p+,l.y=vt.o- 
[#13°195] 2. (qp)-peN,.C.p=v+.p tel. 
[«117°31] D.pSrv4+11 (5) 


b.(1)+(2).(8). D+. Prop 
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The following definition, in which “spec” stands for “species,” defines 
the “species” of a cardinal 8 as all cardinals which are less than, equal to, 
or greater than 8. We cannot prove, unless by assuming the multiplicative 
axiom, that all cardinals belong to the species of 8, except in the case where 
B is an inductive cardinal. In all other cases there may, so far as is known 
at present, be other cardinals which are neither greater nor less than A, 
#12043. spec(B@=A{a<B.v.aS6} Df 
#120431. F:.aespecB.=:a<B.v.aSP [(*120-43)) 

#120432. F:.aespec'@.=:a<8.v.a28 [*117-281 . 120-431] 

#120-433. + :. Ne‘p espec’Ne‘o .=:q!Clipa No‘c.v. gq! Clfa a Ne“p 
[117-22 . 120-432] 

#*120-434. F. spec‘@ C N.C [#117°105°10412 . *120°482] 

#120435. +: BeN,C.=.espec’8.=.q!spec@  [*117-104.*120-434] 

#120486. b:.aespec(B.=:a,8eN.Ci(qy)taty=R.v.Bt+y=a 
[#120432 . #11731] 

4120487. : Ge N,C.3.O0espect® [#1175 . #120432] 

#120438. F: aespec’B.qta+,1.3.a+,1 espectB 

Dem. 
f. #120436. #110°4.3:.Hp.=:4,8eNC.qta+,1: 


(ay)ryeNCratey=BeviBtoy=a (1) 
F.#110°61. Dk:aBeNC.a+,0=8.3.a=8. 


[x1 3-12-15] Diatl=h+,1. 

[*120°436] D.a+, lespec’B (2) 
b. 4120-417. Dba, 8,yeN.C.y#0.atpy=R-Dd.atgl tly. lD=B- 
[*120-436] D.a+,1l espec’? (8) 
b.x1S1215.3b:4, 8, yeNC.B+yaa.qGidtel.2.Btoytl=atel- 
[%120-436] Dat ,lespec’B (4) 


F.(1).(2).(8). (4). Db. Prop 


#12044. +:B8eN,C.3.NCinduct —2'A C spec's 
Dem. 

F. x120-487 . Dh: Hp.d.0espect@ () 

b. #120438 .41104.3b::Hp.d:.a=A.v.aespecBid: 
atl=A.v.a+,lespec’B (2) 

F.(1). (2). #12011. bs: Hp.3:.a@eNC induct.9: 
a=A.v.aespec8:: D+. Prop 

#120441. F:.aeNCinduct— iA. BeNC—U'A.I1a< P.v.a=sm"B.v.a> 8 

[120-44 . #10834] 
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#120442. b:.a¢NC induct —t'A.8eNC-1'A.9: 
a<f.=.n(@>B):a>B.=.0(a<f) 


Dem. 
bs #117104. #120441.b:. Hp. d:a<B.viaeB (1) 
bexlI7291. Dkra<P.d.0(aB) (2) 
b.(1)-(2).45517. +: Hp. D:a< f= .~(aD 8) (3) 
Similarly bi. Hp.dta>B.=.~(a< 8) (4) 
F.(3).(4). 3+. Prop 

#12045. F:a,8eN;,Cinduct.3.(a+,8)¢¢N,C induct 

Dem. 
b. #1106. b:aeN,C induct. 3. (a+, 0¢)¢ N,C induct (1) 
F.*120°121 . *118-25.5 
bi(a+,8)eN,Cinduct .3. {a+,(B +o 1)g}e e NC induct (2) 


+ .(1).(2) #12011. #. Prop 
#1204501. b: a, 8e NC induct —i‘A.3.a+,8¢NCinduct 


F.%12015.3+:Hp.>.sm;‘a,sme‘8 e NC induct. 
{*120°45] 3. (sm;ffa +, sme“); ¢ NgC induct. 
(*118-23] D. (a+, Bee NC induct: +. Prop 
The following proposition is a lemma in the proof of #120°452. 
#120°451. fs.y=(at+, B)s-Da,6-a,8¢ NC induct —1A: 
Aly te Lge (y +0 Lg = (a +o B')g2 D-a’, B’ e NC induct — 1A 


Dem. 
b 120414124. 411042. Dhol (y te Dee D- {ly tel)e—o Hee NC. 
[#119°32] y= {vy tele-el}e (1) 


F. (1). #120124. 3b: Hp. Diy=((a’ +B’ —gl}e-(a’ + Be $0. qh + 6%: 
[4120-425] D sy = a’ +o(8’—elgje- vey = {(a’—-ol te B Je: 
[Hp] D:a',(8’—-.1)ge NC induct—1°A .v.(a’—, 1), B’e NC induct —u‘A: 
[#119711] 3: o’, PB’ e NCinduct — ‘As. 3+. Prop 
This proposition could be extended to greater generality as regards types; 
but its sole use is as a lemma. 
4120452. tb: a+, 8e¢ NC induct — uA. 3.4, 8 ¢ NCinduct —1‘A 
Dem. 
F. #1104. Transp. DEty=A.D.(y+.1),=A (1) 
b. #120451. Db sry = (a+, 8+ Da,p-a, Be NC induct — Ards. 
(y +01), =AtVs (ty +e 1), = (a +9 8’)y+ Does a, B’e NC induct —ifA (2) 
F.(1).(2). Dhksy=Arviy=(a@+.8);«Dae-% Be NC induct —Ai.D1. 
(y¥te1))= Atv: (y+. 1), =(a' +.B)» Dae, Be NCinduct— iA (3) 
+ #11062. #12012. b:0=(a-+y A), + Dee- a, 8eNCinduct — 1A (4) 
F.(3).(4). #12011. Db: ye N,Cinduct.3:. 
y=Arviy=(a4,8),.3a~0.0, Re NCinduct—i Ai: 
[*13-15] Dh: (a+. 8),¢N,Cinduct.3: 
(@+.8)=A.v.a,8eNC induct — iA: D+. Prop 


SECTION C]} INDUCTIVE CARDINALS 215 


In the last line but one of the above proof, we substitute for the o£ of 
*120°11 the function 
F=Arvif=(a+,8),-2.,6-% Be NC induct—1A. 
The following propositions are chiefly required as leading to *120°4621 


‘4622-47, which are useful in proving propositions concerning all inductive 
cardinals other than zero, 


¥12046. b:aeNC.veN,Cinduct.3.(a +e), (+e 1)y sme 
Dem. 
F110 118-241 Db te NOL Ds (00 ty 0)y (+o Lye smyitx (1) 
F. #90172. #118-25 Db: (ate), (+e Dy smyfa.D. 
{a+9(te Dale (+e Lx smn,i“a (2) 
F.(1). (2). #12011. 34. Prop 
#120461. F:aeNC. 8 (+, 1)ysm,fa.3. (Gy). ye N,Cinduct.8=(a+toy), 
Dem. 
b. #1106. #118-23. DJh:aeNC.@=sm,“a.3.8=(a+,0), (1) 
b. #120121 . #118-25.3+:8=(a+,7),.yeN,Cinduct.3. 
(B +01)q = {4+0(¥ te Lahn (¥ tol), €N,Cinduct (2) 
+ .(1). (2). #90112. DF. Prop 


#120462. F:.aeNC.3:(qy). ye N,Cinduct. 8=(atgy))-=+B(+o1) ym, "a 
[*120°46-461] 
#1204621. Fr.ae NC. gq! 8-3: 8 (+1), 9m,“a. Dd. sme (+51) smea 
Dem. 
+. #120-461.3+:.Hp.3d: 
B(+. Ly sm,ffa. 2. (qy)-yeN,C induct. 8B =(a+ey)n« 


[110-4] >. (qy)-yeN,C induct — iA. 8 =(ateyy 
[*120°15.%118°201] D. (ay) » smeMry e N.C induct . sm“8 = (a +ov)¢- 
[#118'24.%120-14] D3. (qy’)- 9 e NiC induct . smz"B = (a toy')e- 
[*120°462] D. smze“B (+, 1), smeMa :. D+. Prop 


#1204622. t:.aeNC. BeNC(n).q!sme"B.3: 
B(+o1)y sm, “a. = .smy’B (+5 1)y srg“ 


Dem. 
+, #1104. %37°29 . *120°461.3 
bs. Hp. :sme“8 (+. 1)y_sm;“a. >. qlsm“a.gqia. (1) 
[*100°52] D.sm;“ae NC (2) 


F . #1204621 .(2).+:.Hp.3: 

sme B (+, 1)y4 smza. D. sm, “smz*B (+, 1)y sm, “‘sm;"a. 
[*102°87.Hp.(1)] > .sm,“B (+, 1)y.sm,“a. 
[*103'34] 2. B(+ol)ysm,“a © (38) 
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F . «37-29 . #120°4621 . 3 
bi. Hp. 3: B (+e Iysingf ta « srme!“B (+, 1)y sea (4) 
F.(3).(4). DE. Prop 
It is on this proposition that the irrelevance of types in the consideration 
of inductive cardinals depends. 
#120463. F:1.aeNC.3::(qy)-yeN,C induct .8=(a+,7),.21 
Few. d,.(E+.1),eu:sm,“aewid,. feu 

[¥120°462 . #90-11] 

#12047. b:: Ge N,Cinduct -10.52.£ew.d;.(E+,1),eHil, eu: .Bep 
[*120-423-463] 


Thus mathematical induction starting from 1 will apply to all inductive 
cardinals except 0. Similar propositions can be similarly proved for 2, 3, .... 


#120471. |: (qa).ae NC induct —10. fa. =.(q6)-@eNCinduct. f(8 +,1) 


Dem. 
+. #120423 .9 
bi: (qa). aeNC induct —10. fa. =.(q8).8eNCinduct.2=8+,1.fa. 
[#13195] =.(q8)-B eNCinduct. f(8+,1): 3+. Prop 


4#120°472. + : (qa).ae NC induct — 10-01. fa.s. 
(q8). Be NC induct —10.f(8+.1).=-(qy)-yeNC induct . f(y +¢2) 
Dem. 
F.#120°471.3 
bs (qa).aeNCinduct —10—t'l.fa.s. 
(q8).8¢NC induct. 6+,141.f(6+4,1). 


[x120-42.#110°641] = . (8). Be NC induct — 10. f(8 +e 1)- (1) 
[*120-471] =. (gy). ye NC induct. f(y+,1+, 1). 
[*110°643] =.(qy)- ye NC induct . f(y +, 2) (2) 


b.(1).(2). 34. Prop 


#120473, bs. 61 :&e N,C induct — 10. 6.32. 6(E+,1):3: 
Ee N,C induct — 10.3. b& 
Dem. 


+. 4120-122, 4101-22. 3h: ¢1.3.leN,Cinduct—10. 91 q) 

F. «120121124. 3+: &e N,Cinduct-10.3.£4,leN,Cinduct—0 (2) 

F.(1).(2).3 

Fs. Hp.3:1eN,C induct — 0.61: &e N,C induct — 10. &.3:. 
E+,leN,C induct — 10.6 (E+,1) (3) 


+ .(8). #1 20-47 Eben oinde +9) 3b. Prop 
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#12048. +:8eNCinduct.B2a.D.ae NC induct —¢°A 
[120-452 . ¥117°31] 
Thus every cardinal which is not greater than every inductive cardinal is 
an inductive cardinal. 
#120481. Fy eClsinduct.&Cq.3.&eCisinduct [*117-222 . *120-21-48] 


Thus if any inductive class can be found which contains a given class, the 
given class is also inductive. 


#12049. tiaeNC—NC induct—t‘'A.8¢ NCinduct-—“A.3.a>8 


Dem. 
F. #12048. Transp. +: Hp.3..(@ 2a) qd) 
b. «120-441. Dt: Hp.dJ:a>8.v.BBa (2) 
F.(1).(2). 9+. Prop 


Thus every non-inductive cardinal (except A) is greater than every 
inductive cardinal (except A). 
#120491. bs. Eve Clsinduct.=: Be NC induct. g.q! Rn Cl€ 

Dem. 
b.#12049. Db: &seClsinduct.@eNCinduct—A.D.NeE> Bs. 


[#120-429.4117-12] >. NES B 4,1. q1 8m CIE (1) 
F.(1).#11710412 . #10313. 3 

bi &~eClsinduct.@eNCinduct—ifA.3.B+,14A (2) 
F.(2). #10112 . *12013.3 

bs. Eve Clsinduct.:8eNCinduct.3.B+A (8) 
F.(1).(3). DE: Ewe Clsinduct . Be NC induct. 3.q! Ba Cle (4) 


F.*120121.5 
bz. @eNCinduct. 3s. q!16aClE: 3: BeNC induct. Dg.q!(B+.1)n Cle. 


[x1 17-242.%120°429] Dp NeE > 8B. 
[*117-42.(#117-08)] Dp Nc'E+ AR: 
[*13'196] D: Ny cfEve NC induct : 

[*120°21] D1: Ewe Cls induct (5) 
F.(4).(5). DF. Prop 


#120492. F: ae NC— NC induct. @ 2a. 2. 8eNC—NC induct 
{#120°48 . Transp] 


In virtue of *120-491, a class & which is not inductive contains sub- 
classes having 0, 1, 2, 3, ... terms, If we take the successive classes of sub- 
classes 


OnClé, La CE, 2n CIE, ..., 


these are mutually exclusive, and all exist. provided A is not an inductive 
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cardinal, #.¢. provided the axiom of infinity holds. Thus if the axiom of 
infinity holds, we get N, classes of sub-classes contained in any non-inductive 
class. It follows, as we shall see later, that if & is a non-inductive class, 
CICK is a reflexive class, This seems to be the nearest approach possible 
to identifying the two definitions of finite and infinite when the multiplicative 
axiom is not assumed, When the multiplicative axiom is assumed as well as 
the axiom of infinity, we pick out one class from 1 a Cl‘€, one from 2 a ClE 
and so on; then, forming the logical sum of all these classes, we get N, terms 
which are members of £ Hence it follows that & is a reflexive class; for, as 
we shall see later, a reflexive class is one which contains sub-classes of &, terms. 
Thus with the help of the multiplicative axiom, the two definitions of finite 
and infinite can be identified. 


#120493. + :.c¢Clsinduct.5: 
Neff < Ne‘o.=.(qp).psm&.pCo.qio—p.s.q! NefEa Cla —to 
Dem. 
b.#117-26-221. Db: NofE << Nefo. Din(Esmo):(qp).psm&.pCo: 


[*73:3°37] D:(qp).psm&.pCo.pHo (1) 
+. *120-481.3+:.Hp.d:pCo.qta—p..peClsinduct.pCo.qlo—p. 
[*120-426] D.Nefp <Nefo: 

[100-321] Dipsmé.pCo.gla—p.d.NeE<Ne‘o (2) 


F. (1). (2). #246. 5+. Prop 


#1205. b:a,8eNCinduct.q!ax,8.2.ax,he NC induct 
Dem. 
F #113208. 3 b:a@eNCinduct.q!ax,0.>3.aeNC—iA. 


[*113°601] D.ax,0=0. 
[*12012] D.ax,0¢ NCinduct (1d) 
b. #113671. Dh.ax,(B +, 1)=(axp8) +a 


[*120°4501.%113-203] DF: ae NCinduct.ax,@¢ NC induct—i‘A.3. 


a x,(8 +,1)¢ NC induct (2) 
+. (1). (2).#12013. DF. Prop 


The restriction involved in q!ax,@ in the hypothesis of the above pro- 
position is not necessary if we assume that the axiom of infinity must fail in 
any one type if it fails in any other, ze. 


AataeNC induct.>.Aat6 e NC induct, 


where a and 8 are any two objects of any two types. To prove this proposition 
would require assumptions, as to the interrelation of various types, which have 
not been made in our previous proofs. 
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#120°51. b:0,8,yeNCinduct.a+0.qlaxoh-ax,8=axoy- >.R=sm“y 


This proposition establishes the uniqueness of division among inductive 
cardinals. 


Dem. 
+ 4120-44436. +s. Hp.3:(qd):B=7+.5-V-y=B +08 (1) 
b, «113-43. Dh: Hp.B=y4,5. 3.0 Xo y= (4 Xo) +o (4 X_ 8) 
[¥120-42. Transp] D.ax,5=0. 
[¥113'602] 3.5=0. 
[*110°6] 2.8=sm“y (2) 
Similarly F:Hp.y=64+,5.9-y=sm“f. 
[#100°53.4113-203] >. B=smMy (3) 


F,(1).(2).(3). 3+. Prop 
If 8, y in the above are typically ambiguous symbols, such as 
0, 1, 2, ... Ne‘p, Ne‘e, ..., 
we have 6@=y7; for in this case, B=sm“@.y=sm‘y. Also if @ and y are 
of the same type, we have B= y, in virtue of *103-43. Hence “8=y” may, 
with truth, be substituted for “8 =sm‘‘y” in the above proposition, since the 
result is true whenever significant. But in this form the proposition gives 
less information, since it tells us nothing as to what happens when 8 and y 
are not of the same type. 
#120511. t:a,8¢NCinduct.a+0.qla.ax,B=a.3.B=1 
Dem. 
F.#113°621.3+:Hp.d.ax,B=ax,l (1) 
+. (1). #12051. ¥101-28.+. Prop 
#120512. b: ax, 8 NC induct ~1°0—1'A.D.a, 8 eNCinduct — 1.0 — ‘A 
Dem. 


b. *113°602:203.3+:Hp.d.a,8eNC-10-uA (5) 

b.(1). #11762. Dh: Hp.d.ax,8Ba.ax,BSp. 

[*120°48] D.a, Be NCinduet (2) 
" £A(1).(2). 34. Prop 


#120513. rae NC induct —vO0-ifA.ax,8=a.3.8=1 [#120511512] 
This proposition does not hold when a is a non-inductive cardinal. 


#12052. b:a,8e¢NCinduct.q!a?.D.a%e NC induct 


Dem. 
F.*116-203:301.. DF :aeNCinduct.qte’.Dd.a=1. 
[120-122] 3. a°e NC induct qd) 
be11632152. Dhiglatta.D.aftea’ xa. 
[#120°5] Dt:aeNCinduct. a®eNC induct. qlaftt.D. 
a®+teNCinduct (2) 
b. #11652. #113:204. Dbsaf= A.D. afti= A (3) 


b.(1).(2).(3). #12011. +. Prop 
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#12053. b:a,8,yeNCinduct.a+0.a+¢1.qie.aFoay.d.@=sm“‘y 
Dem. 

+. #116203. Dhigta®.D.qiB (1) 

b, 4120-44436. Dh: Hp.3:(q8):B=7t.8.veqe B48 (2) 

F. «118-01. #11652. Dei B=yt.s.q!@.d.af=ar x, ab: 

[KID17L-«*L18-01L.(1)] Dbra®=ar.B=yt,d.qlab.d.ar=arx,a® (3) 

F. #120°52.4116°35.(1).t: Hp. B=y+, 8.9.07 eNCinduct—s‘A~—t0.q! 8. 


[(3).#120°513] D.g= 

[¥117-592] D.8=0. 

[#1106] Dd. B=smy (4) 
Similarly HK: Hp.vy=6+,6.3.y=sm"8 

[x100'53.(1)] 2.B=smMy (5) 


f.(2).(4). (5). . Prop 
If a, 8, y are typically ambiguous syinbols, we have 8 =y in the conclusion 
of the above proposition, instead of 8=sm‘‘y. Also if 8 and y are of the same 
type, 8=y; thus 8=+¥ whenever “@ =” is significant. 
#12054. F:E,peClsinduct. ql &.pCo.qta—p.D.(Nefp)Nt <(Nefa) Net 
For the proof, which is here given shortly, compare *117'58. 
Dem. 
b . x35-482°82 . #8015 411612. Dk: Hp.d.(p PbatEC(o Tf Hyat€. 
AMeTEsE-@THsE (1) 
f. #12052. x11615-251. 41202.D+:Hp.d. (pt Aa'EeClsinduct (2) 
F. (1). (2).*120-426. 3+: Hp. 3. Ne‘(p f Esl < Ne“(o fF E)afés Db. Prop 


#120541. bia, BeNCinduct—UA.at0. 8B <y.d. By [#12054-493] 
#120542. bs a,y¢ NC induct —i'A.a+0. 8 >y.3.8t*>y [#120541] 
412055. F:a,8;yeNCinduct.a+0.q!6*.B*=y°.3.8=smy 

b .#120°541°542. Db: Hp. d.0(8 <y).~(6 >). 

[*120°441] 2.8=sm“y: D+. Prop 
#12056. b:a22.a%e NC induct —iA.3.@¢ NC induct 


F,#117-581.3+:Hp.d.a? > 2, 
[#117661] D.a > BP (1) 
F.(1). #12048. +. Prop 
¥120°561. F: 81.0% e NC induct — eA. 3,aeNC induct 
Dem. 
F. #117591. #116321.3+:Hp.3.a8 Da (1) 
F.(1). #12048 3. Prop 


SECTION C] INDUCTIVE CARDINALS 221 
*12057. -:neNCinduct —1.A.3.NeG(y Sy) =p4,1 


Here “j.+,1” is necessarily in a higher type than “ yu,” because it applies 
to a class of which uw is a member. 


Dem. 
b. #117511. D+. Ned (iv <O)el qQ) 
FeellO4. Dhkip=A.D.ptl=A (2) 
£ .&120-429-442.D 
t:peNCinduct. ql ut ,1.3.3(p<Sp)=d(v< petal). 
[117104105] D.olyv<S pt L=Hv<Sp)v(ut,l) (8) 
fF, #120498. 3b: Hp(3). 3. t,lved(v <p) (4) 
F.(3).(4). #110°681. 3 
t:Hp(3).NeDygp=pt.l Dd. NeGusutl=u+.2 (5) 


F.(2).(5). Db: weNCinduct:p=A.v. NeGiugp)=pt lid: 
pt l=A.v NeD(v Spt, 1) =u +2 (6) 
F. (1). (6). #12013. 3+. Prop 
#1206. bi(qy)-y >a.yCty.d.ql(atylyaty 
Dem. 
Fexll71.3 
bi. Hp.3:(qy, p,o). Noefp=a. Nica =y «qi Ne‘paCl'o.~g! NefanCl'p: 
[#1001] 3: (ay, po, &). Neefp =a. Nefc=y.Esmp.€Co.F +o: 
[k24°6] D:(qy,p,9,8, 0). Netpaa. Noeio=y.Esmp.zec—EF: 
(*110°681] 3: (qf, 2). Fu ltmeat,Laty:OF. Prop 


#12061. F:q! N.C a a — NC induct. >. Infin ax (x) 
Dem. 
b. #12049. DEs. ye NC ne —NC induct. 3: 
; aeNCinduct. gla.J..y>a.yCia. 
[#1 20°6] 2. Glat late qd) 
F. (1). #10112 .*120°13.. 3 
bryeN,C—NCinduct.3:a¢NCinduct.3,.9 !a(#):. 2+. Prop 


#120611. | : Be Clsinduct. BCAP.3.q! PafB 

Dem. 
+. 48026. Dba! Patt. 
[Simp] DJF:ACHP.D.qt PafA (1) 
b.x8094. Db iq! PaO. zeUP.d.q! Pa(B v tf): 
[Syl] DEL ACAOP.D.g!PaBi ds BCAP.2eOP.D.g! Pa(Bv v2): 
[51-238] ‘ D:BvreCOP.d.q!Pa(Bve%) (2) 
F.(1). (2). #12026 . DF . Prop 
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#12062. b:«eClsinduct.Avex. 3.4 Leake 


Dem. 
b.x839. Dk.qtlestA qd) 
b.83°904. Db: qlee. qla.d.qlea(eu la): 
[Syl] Dk Aven. Dd. qlee: Di Avex. Gla. D.glea(e vee): 
[*24°54] Di Ane(eutfa).D.qlea(euea) (2) 


F.(1).(2). #12026. 34+. Prop 
The above proposition may also be deduced from *120°611, by *62°231. 
e 
#12063. |.Clsinduct—e‘A CCls*mult [*120°62 . *88:2] 


In virtue of this proposition the multiplicative axiom is not required in 
dealing with a finite number of factors, even when some or all of the factors 
are themselves infinite. 


#12064. +:Infinax.v. Multax 


Dem. 
+. #120°61. Transp.) :.~Infinax.3:N,CC NC induct : 
[%120°21] >:(«).«eClsinduct : 
[*120°62] Di(e)rs Arex. D.qbeste: 
[%88°37] 2: Multax:.3+. Prop 


Thus of our two arithmetical axioms, the multiplicative axiom and the 
axiom of infinity, at least one must be true. 


#1207. biaeClsinduct.aC@.at+8.3.Nea<cNe'B [*120-426 . %246] 


#12071. bip,ceClsinduct .=.pu ce Clsinduct.=.p+4oe Cls induct 
Dem. 


F .*120°481.3+:puceClsinduct. 3. p,¢¢Clsinduct (1) 
F. #120481. 34: p,o ¢ Clainduct. 2. p,o—peCls induct. 

[*120-21] >. Nie“p, Nue(a — p) e NC induct . 
[*120°45] >. Nc'p +. N.c(a — p) e NC induct. 
[#11032] D.Ne(puc)e NC induct. 

[*120-211] 2. pv ceClsinduct (2) 
F.(1).(2). Iti p,ceClsinduct.=.puceCls induct (8) 


b . #11012. #120214. 3+: p, 06 Cls induct. =. 

4 (An o)ip, (Aap) | “toe Cls induct. 
{(3)-(*110-01)} =. p+oeCls induct (4) 
F.(3).(4). 3+. Prop 


The above proposition is frequently used. 
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*120°72. 
Dem. 


*120°721. 
Dem. 


#12073. 
*120°731. 


*120°74. 
Dem. 


F #11672 .*120°'21 . 3+: Cl‘p ¢Cls induct. 
[41 20°123:'52:56.%116'72.(«116-04)] 


[#12021] 


#120741. 
Dem. 


#120°75. 
Dem. 


f. 22°58. 


Fr p,oeClsinduct. >. px o ¢ Cls induct 


F.%120°21. DF: Hp .>. Nie‘p, Noc‘e e NC induct. 
({*120:5] D.Ne(p xo) e NC induct. 
[*120:211] D.p x oe Cls induct: D+. Prop 


Fi.qip»-qlo.I:p,ceClsinduct.=.p x oe Clsinduct 
F .*120°512 .*113-107.D 
F:.Hp.3:pxoeClsinduct. >. Ne‘p, Ne‘o e NC induct. 


[#120211] D>. p, ¢ €Cls induct Ql) 
F.(1). #12072. D+. Prop 


F:p,oeClsinduct.3.(pexpo)eClsinduct {#12052 .*116-251] 


Fr.qlp.qio.prvel.d:p,ce Cls induct .=. (p exp c) ¢ Cls induct 
[¥120°56-561-73] 


Fs pe Cls induct. =. Cl‘pe Cls induct 
+ 2Ne m t*Cl*pe NC induct. 


- N,cfp e NC induct. 
«pe Clsinduct: D+. Prop 


k:s%eeClsinduct.>.«e Cls induct. « C Cls induct 


WM 


b.*120°74. DF: Hp. 3. Cl's‘« e Cls induct. 
{*60°57.#120°481] >. «e Clsinduct qd) 
+. #4018 .#120481.3+:.Hp.D:pex.D.peClsinduct (2) 
F.(1).(2). D4. Prop 


b : s% ¢ Clsinduct . =. « ¢ Cls induct . « C Cls induct 


Dhiqt«—Cls induct. >. q1(« v ua) - Clsinduct (1) 


b. 4120-71. #53:15. Db: s“«eClsinduct . a¢Cls induct .>. 


s(« v ta) e Clsinduct: 


[#56] Dh: s%« eClsinduct.>: 
awe Ols induct .v.s‘(« v £°a) ¢ Cls induct : 
[#5116] 3: q1(« v ea) — Clsinduct.v.s(« v ta) Cls induct (2) 
F.(1).(2). Db: qt«—Clsinduct.v. sce Clsinduct: 3: 
qi! (ev ta) — Cls induct. v.s(« v t'a) e Cls induct (8) 
F . &40°21 . #120212... 8*A e Clsinduct (4) 


b. (3). (4). #12026. Ds. «e Clsinduct.3: 


[56] D+: 


q !«—Clsinduct.v.s‘« e Cls induct :. 
«e¢ Clsinduct .« C Cls induct «>. s‘« ¢ Cls induct (5) 


F.(5).*120°741. 5+. Prop 
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#120°76. b:«eClsinduct.« C Clsinduct.>. es ¢ Cls induct 


Dem. 
bik5l2. Dba aex. Die= KU La? 
[#1312] Deaf e Cls induct. 2. ea'(« v ta) e Cls induct ad) 
F. 48341 #114301. DF ta~men. dD. ea (x ¥ ta) sm e4fe X (2) 


b.(2). #120214. Db ravens: 
ex(« v ta) e Clsinduct.=.es" xaeClsinduct (8) 
F.(3).%12072. 3 Finanvex.D?: 
ea‘x, ae Clsinduct. >. e4"(« v ta) e Cls induct (4) 
F.(1).(4). Der: es%e, ae Cls induct «3. ea"(« v La) e Cls induct (5) 
b.(5).#51'2.Syll. Dh:.«CCisinduct. D. eg‘ ¢ Cls induct: 3: 
«vitaC Clsinduct .D.es(« v ta) e Clsinduct (6) 
b. 48315. #120°213. D4. eA e Cls induct . 
[Simp] Dt: A CCls induct. >. ea‘A € Cls induct (7) 
£.(6).(7).4#120:26. DE: «eClsinduct. >: 
«CClsinduct . >. e4%« ¢ Cls induct :. DF. Prop 


The following propositions are concerned in establishing the converse of 
#120°76 subject to a suitable hypothesis. The final outcome is given in 
#12077. 


#120761. Fs qleafe. ea’e e Clsinduct.3.«C Cls induct 


Dem. 
b . #8341 4114301. DF i ae. Di eafe sma x ea(x — fa)! qa) 
(*120°214] 3: eae e Cls induct. =. ax ea"(« — ba) € Cls induct (2) 
b.(1). #113114, Deirqilest&e.aex.d.qla.qles(«— ta) (3) 
+ .(2). (8). #120721. .Db i. qleste.aex. dD: 


ea‘ e Cls induct. >. ae Cls induct (4) 
-.(4).Comm.3+. Prop 


#120°762. F< eClsinduct. Ane. wqtln«.>.(qB,8).B,Seese. RASH=A 
Dem. 

b.«512.Db: RS eete. RASH=A.aen.d. BSc es(e viia).RASH=A (1) 

b . #83°5 . #55201. 5 

Hi R,Seese. RAS=A.a,yea.cby.arex.d. 


RuclaSvuylace(evila) (RuclaaASuyla=A (2) 
b.(1).(2).#52'41.Db: BR, Seeste. RAS=AcatA.arel.d. 

(@P, Q).P, Qees(evt2).PAQ=A (3) 

b.¥5116. Db: a=A.viael:DiAe(evia)vi Gil a(evea) (4) 


b.¥2258. Ibi Ack.vighl ae: DsAe(eula).viegiln(euvea) (5) 
F.(8).(4). (5). Dba Aeceeve Gil an.v.(qh,8).R,Seete RAS=AsD: 

Ae(evta).ve ghia («cu ta) .v. (qh, S).R, Sees(eu ta) RAS=A (6) 
f.¥88-15.D4+.(qR,S).R,SeatA.RAS=A (7) 
b . (6). (7) «#12026. +. Prop 
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#120764. F:ceClsinduct. Arex wg! (lnn).D- Nees'n BS Nofe 
[*120-762 . *117-681] 

#120765. Fs eClsinduct. Avex. wq!(1n«)-eCr.qleaar.D. 

Nofeg's 2 Ne‘« [#120°762 . #117684] 
#120°766. Fs A~eClsinduct. Aver og i(lar).qleadr.2. 

No‘esX~e NC induct 
Dem. 
F.*120-491.>+:. Hp. 3:veNC induct .>. 
(qe). KCrX.Nefe=viArex.rgi(lnk). 

[*120°765] D.Ne‘esr Bvt 
[#120121] Dive NC induct. >. Nofes'A Dv +,1. 
[*120°429] D.Netesr >v: 
[*117-42] D: Nees. ~e NC induct :: D+. Prop 


#120°767. Fs es eClsinduct. Aver. wg! (1nd). gles. D.re Clsinduct 
[*120°766 . Transp] 


#12077. Fi Armen nw gi(la«).qleste.2: 
ea‘ e Cls induct. =. «e Clsinduct. « C Cls induct 
[*120°76-761°767] 
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#121, INTERVALS 
Summary of #121. 


The present number is concerned with the class of terms between # and y 
with respect to some relation P, ie. those terms which lie on a road from 
to y on which any two consecutive terms have the relation P. Such a road 
may be called a P-road, and if zPw, the step from 2 to w may be called a 
P-step. In order that a P-road from = to y should exist, it is necessary and 
sufficient that we should have #P,,y. When this condition is fulfilled, there 
will in general be many P-roads from # to y. But if Pe Cle—+1.~(yP poy), 
or if Pe1—»>Cls.~(@P,,z), then at most one road leads from « to y. This 
follows from the propositions of *96. In virtue of those propositions, if 
PeCls+1.~(yP,y) + @P yoy, P is 1-+1 throughout the road from 2 to y, 
and this road forms an open series. The two other possibilities with a 
Cls— 1 are (assuming «P,oy) 

(1) @P, 2, 
(2) yPpoy + (@P pot). 

In the first case, there is a cyclic road from « to 2, and there are two 
roads from # to y, one consisting of that part of the cycle which is required 
to reach y, the other consisting of this part together with the whole cycle 
required to travel from y back to y. Thus the class of terms which can be 
reached in some journey from # to y is the whole class of descendants of a, 


ae. the class Rye, which is the cycle composing the road from @ to a. 


In the second case, the descendants of x form a Q, and y is in the 
circular part of the Q. Here, as before, there are two roads from a to y, of 
which the first stops as soon as it reaches y, while the second proceeds to 
travel round the circle until it comes to y again. Thus here again, all the 
descendants of « lie on some road between # and y. 

The interval between w and y is defined as the class of terms lying on 
some road from w to y. There will be four kinds of interval, according as we 
do or do not include the end-points as such. We denote the kind including © 
both end-points by 

P(ariy), 


: P(x-y), 
and the other two respectively by 


P(w@ay), P(ery). 


that excluding both by 


The definitions are 


= >  & a= a > & > 
Plan Pyly, Pyle 0 Pryoy, Pyle Pyly, Plan Pooty. 
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If P is either one-many or many-one, it will be one-one throughout the 
interval P(wt1y), except at most at one exceptional point, namely the 
junction of the tail and cirele of the Q. If #P,.@ or ~(yP, y), the interval 
between « and y cannot be Q-shaped, but must be either open or cyclic; in 
either case, P is 1-»1 throughout P(a+1y), with no exceptions; for if 
PeCls—rl1, P is 1-91 throughout the interval because the interval is 


— 
contained in P,y‘x, and if Pe1l—»Cls, because the interval is contained in 


Pyfy. Thus throughout this number we shall constantly have the hypothesis 
Pe(Cls—1)u(1-9Cls); if PeCls—»1, the interval is to be supposed traversed 
from « to y, while if Pe 1 —>Cls, it is to be supposed traversed from y to z. 
In either case the interval between « and y must be an inductive class, 
This is proved in *121-47. If, however, P is serial (cf. *204), and thus 
neither many-one nor one-many, the interval between w# and y is the stretch 
of the series between x and y, with or without end-points according to the 
definition chosen, and need not be an inductive class, 


If the interval between x and y (both included) has vy +, 1 members, we 
say that #P,y. Thus if there is only one road from 2 to y, “xP,y” means 
that it requires v steps to get from # to y. Assuming PeCls—+1, if we also 
have P,,@ J (ce. if none of the families of P are cyclic), then if 2P,y and 
yPz, we shall have wP,,,,z. On this basis an inductive theory of P, is built 
up, and it is shown that the class of such relations as P, for different 
inductive values of y is the same as Potid‘P, the class of powers of P in- 
cluding Jf OP (#1215). The definition of P, is 

P, = 29 (Noc'P (w@Hy)=v+,1} Df 

The whole class of such relations as P, for different inductive values of v 

is called finid‘P, i.e. we put 
finid'P = B (qv) ve NC induct-uwA.R=P,} Dé 

If BP exists, and if P eCls—»1, then the descendants of B“P, so long as 
we do not reach a term y for which yP,,y, may be unambiguously described 
as the 2nd, 8rd, ... vth, ... terms of the posterity of B‘P, BCP itself being 
the Ist term. The correlation thus effected with the inductive cardinals is 
the logical essence of the process of counting; the last cardinal used in the 
correlation is the cardinal number of terms counted. We will call these terms 
1p, 2p, ... vp,..., defining vp as follows: 

vp=P,fBP DE. 

This notation does not conflict with vg as defined in *65:01. There & 

must be a class if v is a cardinal, here » must be a cardinal and P a relation. 


Hence whenever vp exists, the number of terms from the beginning to 
vp (both included) is vy, This is the fact upon which counting relies. If P is 
a many-one and P,, is contained in diversity, and v is any inductive cardinal 

15—2 
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other than 0, then yp exists when and only when Pf BP has at least v 
members; i.e. roughly speaking, vp exists whenever it could possibly be 
expected to exist. In this case the whole posterity of B‘P is contained in the 
series lp, 2p, ... vp, ... (#12162). If the posterity is an inductive class, this 
series stops; if not, it forms a progression (cf. *122). 


The propositions of the present number are very useful, not only in this 
section, but in the ordinal theory of finite and infinite and in parts of the 
book subsequent to that theory. 


After some propositions which merely repeat definitions and give im- 
mediate consequences, we proceed (#121°3 ff.) to the theory of P,. We have 


#121302. +: P,. GJ... P,=IP OP 
#121305. f: Ppp CJ.9.P,EP 
#12131. b:Pe(1—+Cls)v(Cls1).P,,€J.3.P,=P 
When P is a transitive serial relation, we shall have P,= P= P*. 
#121321. Fry >0.9.P,GP,, 
#121333. f: PeCls31.P,.¢J.9.P,,.=P)P, 
¥#121:35'351:352. F: Pe(1—>Cls) uv (Cls— 1). P,, GJ. wv e NC induct. 3. 
Pui Py = P.| Pu = Parr 
A similar result holds for (P,),, which = P,,,, in the same circumstances. 
We next proceed to the proof that an interval (under a similar hypothesis) 
is always an inductive class. This occupies *121-4—-47, being summed up in 
the proposition 
#12147. |: Re(Cls—1) uv (1 Cls). 3. BR (@Hz)¢ Olsinduct 
This is an important proposition. It leads to 


#121481. F:. ReClsl. D:Ne!R(aHy) < Nef R(a+42) ss 


R(@Hy)C R(@H2z) 
with a similar proposition if Re 1—» Cls. 


The next set of propositions (#121552) is concerned with finid‘P. 
Assuming Pe (Cls—>1) u(L—»Cls). P,, € J, we prove that tinid‘P = Potid‘P 
and finid‘P—i‘P,C Pot‘P (%121°5); that if P is not null, finid‘P —u‘P, = Pot‘P 
(#121-501); that sfinid (P = Py (#121°52) and é(finid‘ P—u'P,)= P,, (#121502); 
and that P,= P?, P,= P*. ete. («121°51). 

Our next set of propositions is concerned with vp (*121°6—638). We have 
#121601. F: BE! BSP. 3. B’P=1p.~|(B‘P) P,, (BYP)} 

#121°602, F: ELBSP. Pel+1.3. PBP = 2 
#121634, F:. Pe Cls-1.P,,€J.veNCinduct—10.3: 
vpeD‘P. =.E! (¥ +e 1)p 
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sy, 
Finally we have three propositions (*1217—72) on Ry ‘a, of which the 
most useful is 


> > 
#1207, +:Rel—+l.aBR.aRyz.D. Ryfc= BR (aria). Ry‘ce Cls induct 


#12101. 
#121011. 
#121012. 
#121013. 
#12102. 
¥*121:03. 
*121-031. 
*121:04. 
#121°1. 
#121101. 
#121°102. 
¥*121:103. 
#121:11. 
¥#121-12. 
#121121. 
#121:13, 
¥*121:131. 
*121:14. 
#121141. 
4121-142. 
#121143, 
#1212. 
#121°201. 
#121202. 
4121-21. 
Dem. 


— > 
P(a—y)=P, en Pi y Df 
e< 
P (Ay) = Pron Py'y DE 
- > 
P(ary)=Pyfan P,fy Df 
— > 
P (ary) = Pyfan Pyfy Df 
P,=89 [Nic P (c2@Hoy)=r4+,1} Df 
finid‘P = & {(qv). ve NC induct —u‘A. R = Py} Df 
fin'P = BR (qv). veNC induct—-A-0.R=P,} Det 


vp=P,_.SBYP Df 
brzeP(e—y).=.aP yz. 2Pyoy [(#121°01)] 
bizeP(xy).=.aP, 2. 2Pyy 

bizeP(ary).=.aPyz. 2P yoy 

FizeP(eHy).=.0Pyz.2Pyy 

biePy.=.Noe'P (@Hy)=v+,.1 [(*121-02)] 
+: Refinid’P.=. (qv). veNCinduct-—fA.R=P, [(*12103)] 
+: Refin'P.=.(qv).ve NC induct —uA—-—t0.R=P, [(#121-081)] 
bi f (vp). =f (PyaBP) [(#121-04)] 
br EYP,_.“BP.D.vp=P,_.$BP [#1 21-13. #1428] 

+. P(e-y)=P(y-2) [#1211 #9153] 
b.P(e4y)=P(yH2) 

+t. P(wry)=P(y2) 

b. P(ery)=PlyHa) 

bin(eP, 0). D.aveP(e—y) [#1211] 

Fin(yProy)s 2 .yre P(a—-y) 

bi Py EJ.D.a,yreP(w—y) [#1212201] 

braP,y.=.yeP (ery). =.g!P@y) 

b. 49012 49154. Db oP yee tP yoy» yPey + 

{*121:101] =.yeP(ary) (1) 
F.#121101. Db ig! P(wy)«=-+¢Pyo| Pey- 

[91574], =. 0P yy (2) 
F. (1). (2). D+. Prop 
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#12122. b:aP,y.=-ceP(ary).=.q!P(ery) 
#12128. b:aPyy.=.2,yeP(eHy).=-q!P (ery) 
#121231. bi:weO’P.=.ceP(eHe).=.q!P (era) [#12123 .%9012] 
#12124. biaP,y.3.P(aay)=P(e-y)vuty 

Dem. 
F.#91°54 .#121:101.5 
bizeP(e-y). =:aPi2tzPyy.V.z=y.yeOP: 
[#13°193.491°504] =: wPi2 » 2P yoy »V-tPioy + 2=Y Q) 
b.(1).4473. 3b: Hp. ds. 2eP (ay). =:0P2.2P yy .vV.z=yn Db. Prop 
#121:241. b:aP,,y.3.P(ary)=P(x—-y) vie 
#121242. b:¢Pyy. 2. P(ary)=P (ey) viia= P(ery)vuty 

=P(ex-y)vieury 

#12125. +. Pio(e—y)=P(a—y) [¥91°601.#121-1] 
#121261. +. P,, (aay) = P (ey) 
#121:252. |. P,, (ary) =P (ary) 
#121253. +. P,, (wey) = P (ay) 
#121254. +. P,=(Pao [¥121-253-11] 

#121-254 is frequently used in the theory of series. 
#12126, +. P,=(P), 

Dem. 

b.#12111-:148. Db: aP,y.=.No'P (erry) =04,1. 
[#90°132.%121-11] =.0(P),y: 2. Prop 

#121:27. b:aPyy.dD.v,v+,leNC—UA 


Dem. 
b.#121-11.#108-12.D+:Hp.d. P(wHy)ev +1 Q) 
F.(1).*110°4:42.5 +. Prop 


#121271. b(v,v +, leNC-t'A).d.P, =A [*121-27. Transp] 
#121272. bi: qi P,.d.v20.v+,1>0.v+,1 21 


Dem. 
b,#117°5 .*121-27.5D+:Hp. dD.» D0. (ea) 
[#117-561.4110°641] D.vt.l el. (2) 
{#117°511°531] D.vt+,1>0 (3) 


F.(1).(2).(8). DF. Prop 
#121273. bq! Pia. D-vt+,1>0 
Dem, A 
b. #12127 .*1104.5+:Hp.d.veNC—utA. 
[x117-6] D.vtlel. 
(¥117-511°531] D.vt_el > 0:34. Prop 
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#1213. =F. P,GITOP 


Den. 
F.#1l2011.3brePy.=.P(ary)el. 
[#121:23] D.oPyy.c=y. 
[*90°12] D.a(IPCP)y: 3+. Prop 

#121301. Fin(@P 97). DiaPyy.=.ceOP.v=y 

Dem. 
F. #9154256. Db: oPyz.2Pyx. $269. eP yt qd) 
F.(1). Transp. D+ :.Hp.3:aPy2.2Pye.D_2+0=2 
[#121:231] DieeOP.D.P(tHe)=Uar 
[*13-12.%52°22] DiweOP.2=y.3.P(aHy)el. 
[#12111] 2. «Py (2) 
F. (2). #1213. D+. Prop 


#121302. F: PE J.3.Po=LP OP [#121301] 
#121303, : Ne‘P (cHy)>1.3.2P¥ 


Dem. 
b 121-23 . 5222 .¥11742.5b:.Hp.di ce P(eHy). P (cry) +e: 
[#51-4.Transp] D:(qz).z#a.zeP (ary): 
[#121:103.%91°542] D3: (q2).@P yz» 2P ey i 
[#91574] D:aP,,y:.2+. Prop 


#121304. b:.P,,CJ.D:0Py.=.P(aHy)=uevuity.aty 
Dem. 
F.#121:303'11.3+:Hp.aP,y.3.aP yy. 
[Hp] D.cty (@) 
F. (1). #54:53°101 . #1212311. +. Prop 
#121:305. b: P,,GJ.9.P,EP 


Dem. 
+. #121:308.3h:Hp.wPy.9.¢P yoy 


[*91°52] D.(qz).aPz.2Pyy (1) 
+. #121°304 .. #91542. > 
bi Hp. Py. DiaPy 2 .2Pyy. De 2=Yi 
[*91°502] D:aPz.zPyy.D.2=y (2) 
b.(1).(2). DF. Prop 
#121306. +: Pel Cls.~(eP,,0).aPy.3.P (ary) =Uevi'y.cty 
Dem. 
b. #91542. Db: 0Pyz.2Pyy.ztao.s$y-cPy. Dd: eP ye. eProy- ePy? 
[34:1] D3: @Pyo% + 2Py| Pat 
[#92°11] : D:Pel—OCls.D.aP,,2.2P ya: 
[*91'°574] D:Pel3Cls.3.aP, 2 q) 
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F.(L). Transp. DF :: Hp. D:.0Py2.2PyysD2tz=e.vizay (2) 
b. #12123. Db: Hp.d.2,yeP(sHy) (3) 
b.#91502. Dh:Hp.d.c+y (4) 


F. (2)+ (3). (4). #121103. +. Prop 

#121307. bs PeCls—1.~(yProy) ePy. 9. Parry) = ta vy. e ey 
[¥121°306-143] 

#121308. t: Pe(1—>Cls) v(Cls 1). P,, GJ .2. PGP, 
[#121-306307-11 . #54101] 

412181, f:Pe(1—Cls) u(Cls—>1).P,,GJ.2.P,=P [121305308] 

#12132. +. P,G Py 


Dem. 
b. #1 20-11. #120421. #10114. Transp. DF: 2P,y.3.q! P (ary). 
{#121-23] D.aPyyi Dt. Prop 


If p is not a cardinal, or ifv+,1=A, P,=A. 
4121-321, b:p >0.3.P,6P,, 


Dem. 
+. #120428. #12111. D+: Hp.wP,y.d.NefP (ery) >1. 
[4117-55 .452°181.4121-23] D.(qz).zeP(aHy).2¢2. 
[#121-103.491°542] D. (2). eP poz 2R yy » 
[#91574] D.#P,.yi D+. Prop 
#121:322. +. OfP,C OP (#121-32 . *90°14] 


#*121:323. Fv >0.3.D°P,CD*P.0'°P,C AP [#121-321 , #91504] 
#121324. +. D‘P,,,, CDSP. OP, C OP 

Dem. 
b. #121:273:323 . Db: a! Py Dd. DP... 0 DP. OP. COP () 
F .(1) «483-241. Ib. Prop 
#121325. Fi qt P,AP,.D.p=v 

Dem. 
F.x12111. DF: Hp. Dd. glut la(vtel) atin. 
[1004241104] 9 Dig h(wtel) ate (utel) nhte=vtyl. 
[*120-311] D.m=viDt. Prop 
#121326. |. fin’P C finid‘P. finid’'P— iP, Cfin'P [12112121] 
#121327. bq! P,.3.fin'P = finid’P —e'P, 

Dem. . 
121-325. Transp. #121-:121.5h:.Hp.3:Refin'P.3.R+P, (1) 
F.(1).*121-326.3 +. Prop 

#*121'33'331 are lemmas for *121°332, which is a very useful proposition. 
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#12133. b:.Pel—Cls.3:zeP(a—y).=.zeP(@aPy): 
zeP(ary).=.26P (a@4Pty) 
Dem. 
b.€7L7. 3b: Hp. 3: 2Py (Pty). =-2P | Py- 


[#9152] = + 2P poy 1) 
b. (1). #121-1-101-102'103. +. Prop 
From the above proposition it follows that 
Pel—Cls.yeQ‘P.3. P(a—y)= P(aaP*y). P(ary) =P (@HPy). 
This does not follow unless ye A‘P, because 
P(e2—y)=P (@#aPYy).3. EI PYy, 
whereas zeP(2—-y).=,.2¢P (a4P*y) 
will always be true if y~e(°P, and therefore (when Pe 1— Cls) if ~E! Pry. 


#121331. bi. PeloCls. P,,GJ.3:aP, (Py). =. 0Py py 
Dem. 


F . 4121-324. #7116. 3+:.Hp.d:aPiyay.>. EB! Ply (5) 
+. #12133. DF:Hp. EB! PYy.5.P(a-y)=P(eHPty) (2) 
b .#121242°32 .(2). Dk: Hp(2).aPyy. Dd. P(ery)=P (@HPty)vuty (3) 
b. #9152. Dk: Hp.3.~(yPx| Py)- 

[#77] 2. lyPa (PY) 

[x121-103] Dinlye P(aHP%y)} (4) 


+. (8). (4). #11063. 3+: Hp(3).3.NefP (ay) = Ne‘P (a4 Pty)+,1 (5) 
b (1). (5). #1211132. 

Fi: Hp.oP,.y.3.(vt+,1)+,1=Ne'P (aH Py) +,1. 

[#120°311.#121:27] D.v+,1=Ne‘P (aH PYy). 


[x121-11] >. oP, (P'y) (6) 
b (5) #1421. #1211132. DF: Hp. oP, (P*y).D . Nef P (wy) = (v +, 1) tel 
[¥121-11] D.oPiay (7) 


b.(6).(7). D+. Prop 
#121332, b: Pel Cls. P,, GJ... Pui =P,|P [#121331] 
#121383, F: PeCls1.P,.GJ.3.Pyia=P|P, 


#12134. b:Pel—+Cls. P,, GJ.veNC induct. 3. P,e1 > Cls 


Dem. 
F.#1213. Dt. Pel Cls Q) 


b.#*121382.3+:.Hp.3:P,e1>Cls.3.P,,.¢1—Cls (2) 
F. (1). (2).#12011. +. Prop 


#121341. F: PeCls1.P,,GJ.veNCinduct.3.P,eCls1 
4121-342. Fk: Pel—1.P,,GJ.ve NC induct. 3. Pyel—1  [#121:34°341] 
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#12135. +:Pel—Cls.P,,GJ.m¢,veNC induct. 3. P,|P,= Pus 
Dem. 


b 50°62 . ¥121302322. 3b: Hp. >. Py] Po= Prsoo 5) 

+. #121382. Db: Hp.D:4,v¢NCinduet. P| P,= Pas + D+ 
Py| Prete = Pate |P 

[#121332] = Pusevter (2) 


F.(1).(2).#12013. D4. Prop 
#121351. k: PeCls—1.P,,€J.p, ve NCinduct.3.P,| P, = Pass 


#121352. +: Pe(1—+Cls) u (Cls— 1). P,. EJ. u,v e NC induct. 3. 
P,|P,=P,|P, [*121-35°351 . 11051] 
#12136. +: Pe(1—Cls)v(Cls—1). P,, €J. ve NC induct —10.5. 


(Pye = Praser 
Dem. 
b.*121-321.3+:Hp.>.P,€P,,. 
[*91°59°601] D.(Pwpo Ed. (1) 
[#121-31:34-341] 3. (Pu = Py (2) 
b . #121°332°333°352 .(1). 3 
br. Hp. 3: (Pus = (Pu! Pas 
[#3427] 2: (Pa= Paxeve Ds (Pudvter= Pasev| Pu 
[¥121°35°351] = Puxerton 
(¥113°671] = Paxewten (3) 


F.(2).(3). #12047. DF. Prop 
#121361. Fs Pe(1—Cls) uv (Cls— 1). P,, CU. u,v e NC induct — 0.9. 
(Pav = (Py [#12136 . #11327] 
#12137. +: PeClsol.ye P(a@Hz).3.P(aHz)=P (any) P(yHz) 
Dem. 


+. #121108. +: Hp.d.2Pyy. yPyz (1) 
+. (1). #121108. 5 
bi.Hp.D:weP(arz).=.0Pyw.wPyz.0Pyy.yPyz (2) 
+. #96302. Dhi:Hp.3:.aPyw.aPyy. Dd: wPyy.v.yPyw (3) 
b .(2). (8) .#473.3 
Fi: Hp.3:.we P(wHz).=:2Pyw.wPyz.aPyy .yPyz.wPyy V+ 
oPyw.wPyz.aPyy.yPy2.yPyw (4) 

b.k9O17 2 #473. D+: wPyy. yPyz =. wPyz-wPyy .yPyz: 

yPyw wP yz. =. Pye. wPyz yPyw (5) 


F.(4)+(5)-Db:: Hp. 3s. we P(criz). =: oPyw.aPyy.yPyz.wPyy.v- 
aPyw.wPyz.xPyy.yPyw: 


[*90°17 4°73] =:0Pyw.wPyy.yPyz.v.0Pyy. yPyw .wPyz: 
((1).#4°73] =:0Pyw.wPyy.v.yPyw.wPyz: 
[*121-108] =rwe P(any)v P (yz): Db. Prop 


SECTION ©] INTERVALS 235 


#121371. b: Pe(Cls—y1)u (1 Cls). ye P(atz).9. 
P (@H2)= P (amy) v P (yz) = P(ar-y) v P (ye4z) 
=P(a-4y)uP(y7z) [Proof as in #12137] 
#121372. Fs Pe(Cls—y1) u(1—»Cls). ye P(waz). 3. 
P (@-42) = P (w@y) v P (yz) = P (ay) v P (yH:2) 
#121373, |: Pe(Cls—1)u(1—Cls).yeP(wrz).9. 
P(ae2z)=P (ary) vu P(yt+z) =P (any) » P (y+) 
#121374. b: Pe(Cls—+1)u(1—>Cls). ye P(a—2).9. 
P(a@—2)= P(e@ay)v P(y—2z)=P(e-y)v P(y+2) 
= P(ay)v P(yH2z) 
The proofs of these propositions are analogous to the proof of *121:37, 
#12138. :ReCls—+1.aR,o.D.R(orra)=Ryfo [KOT] 


*121:381. F: Rel + Cls.2R,.2.3.R (eH2)= Ryfe [#97-501] 
#121382. +: ReCls1.ch,,2.2R,,y.d. 

R(a@H2) = RB (ary) = Riglt =R(yHy) [#97°5 . *91°56] 
4121383, +: Rel—Cls.cR,7-yR,¢-D- 

R(eH2) = Ryne) 2G =R(yHy) 
#121384. bs Re(Cls +1) ¥(1—Cls). aR, ye R(ariaz).D. 

R(aH2a)= R(ay)= R(yHa)=R(yHy) — [121382383] 
#12139. b:. ReCls—1.3:R(ary)C R(eHz).v. R (ez) CR (ary) 

Dem. 


b . *96°302 . Dt:.Hp.cRyy.cRyz.d:yRyz.v.zRyy (¢9) 
b. #12137. Dt: Hp. wRyy.yRyz.d.R (Hy) CR (az) (2) 
+. #121-37. Dt: Hp.weRyz.zRyy. I. R(wrz) CR (eHy) (3) 
b.(1).(2).(8). DF:. Hp. oRyy.aRyz. 9: 


R(eHy)C R(aHz).v.R(aHz)CR(arHy) (4) 
F. #12123. Dhin(ekyy).d.R(eHy)=A. 
[*24°12] D.R (ary) C R(arz) (5) 
a bree Dhin(aRyz).D.R(arHz)C R(ery) (6) 


b.(4). (5). (6). D+. Prop 
The following series of propositions are concerned with proving *121°47, ¢.e. 
Re(Cls—y1) v (1 > Cls). 3. R (aH z) e Cls induct. 
The proof for Re1—Cls follows from that for ReCls—»1 by #121:143. 
Confining ourselves, therefore, to Re Cls—» 1, we proceed as follows. 


We prove first that, starting from z and going backwards, each new step 
adds only one term (which may not be distinct from all its predecessors) ; 1. 
we have ; 


ReCls1.eRy.yRyz.d- R(eH2z) =t'e v R(yrHaz). 
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From this it follows by induction that if R(ztH2) is an inductive class, so is 
R (az). Thus we only have to prove that R(z+4z) is an inductive class. 
Here we must distinguish two cases, according as ~(zR,,z) or zRyz. In the 
former case, we have 

qi R(zHz).3.R(zHz) = tz, 
whence R(z+41z) is an inductive class, and therefore so is R (wz). 


But in the latter case, when zR,,z, the matter is more difficult. In this 
case, z is a member of a cycle, the cycle being R(z4z). We have to prove 
that this cycle must be an inductive class, Given #Ryz, x will be a member 
of this cycle if «R,,«, and may be at the end of the tail of a Q, if ~(#Ryor). 
(CE. #96.) 


By *96°453, we know that R is 1—»1 when confined to R(z+1z). Hence 


in R(z-Hiz), z has a unique predecessor, say a, Assume a+z2. We then 

imagine a barrier placed between a and z, t.e. we construct a relation S which 

is to hold between any two consecutive members of R (242) except @ and z. 

Putting a= R (zz) — ‘a, we have S=a1R. Then the relation § generates 

an open series consisting of all the terms of R(zz); we. we have 
~(a8,,2).S (zea) = R(zH2). 

Hence, by our previous case, since S(ztia) is an inductive class, so is R (zz). 


If a=z, then by *96°33 the cycle reduces to the single term z, and there- 
fore R (zz) is still an inductive class. 


Hence R (zz), and therefore R(a+4z), is always an inductive class when — 
ReCls— 1, which was to be proved. 


w121-4. 0 bk: ReCls1.aRy.yRyz.3. R(erz)= tev R(yHz) 

Dem. 
F.x90311.3hi:Hp.d:.aRyw.s:c=w.v.aR| Ryw: 
[x71:701.Hp] Sra=w.v.yRyw qd) 
F.x90172. 5: Hp. dia=w.d.wRyz (2) 
F.(1).(2). Db: Hp. ds cRyw.wRhyz.sic=w.v.yRyw.wRyz (3) 
fF .(8) #121103. 5+. Prop 
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#12141. b: ReCls—1. R(zHz)eClsinduct.3. R(wriz) e Cls induct 
Dem. 
F¥121-4. #120251 .¥90:172. 5+: Hp.3: 
yRyz . R(yHz)eCls induct. eRy.3.2Ryz.R(etriz)eClsinduct (1) 


F.(1)-x90112%, Dkr Hp. wRye.D« R(w42) ¢Clsinduct (2) 
b. #12123 . #120212. Db rw (@Ryz). «BR (eraz)  Cls induct (3) 


b.(2).(3). Db. Prop 
In virtue of this proposition, we have only to prove R (z+iz) e Cls induct. 


This is obvious when ~(zR,,2), for then either R (zz) =u'z or R(zHz)=A. 
But when z&,,2, it is more difficult. 


#12142. +: ReCls>1.~(zR,,2). 9. BR (eH z) e Cls induct 


Dem. 
b. *121°303. Transp .*120°441.5+:Hp.3.Ne‘R(zHz) <1. 
[#120-48] 3. Ne‘R (zz) NC induct. 
[*120°211] D>. BR (zz) ¢ Cls induct (1) 
b.(1).#121-41.5+. Prop 


len OK 
¥121-43. b:ReCls1.2R,2.9. Bl e( Rien Ry‘z) 
Dem. 
b.#9152. Dt: Hp.d. (qa). zRya.aRz dy 
= 
b.*96-453.3b:Hp.3.(Ry'z)] Rell. 
[*7 1-122] 3. (zRya.aRzyel vita (2) 
b.(1). (2). Db: Hp.3.a(cRya.aRz)el. 
ve 

[*52°15] D.ELiu(R'zn Ryz): D+. Prop 


; C4 & e 
#121431. F: Re Cls—1.2Ryz.a=t( Rien Ryiz) a= Rye — tar 
S=a]R.5.~(a8,,a) 
Dem. 
b.#35'61.3+:Hp.d.aveD‘s. 
[*91'504] D.aveD‘S,,- 
[#33°14] 3D .~(a8,.2): D+. Prop 


#121432. + : Hp #121431. >. S (za) e Cls induct 


Dem, 
b.#71-261.3+:Hp.3.SeCh1 Q) 


bk. (1). #121-431-42.+. Prop 
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e_ 
#121433. +: Hp #121-481.24+0.9.8(2Ha)= Ry2 = R (2H 2) 
Dem. 


FxO611. Dt: Hp.d: yw. Dd. 2zRyw (1) 
+ x5 LB #91504. 3b:.Hp.I:zea.zeD‘R: 

[*B5°61] I:zeD‘S: 

90°12] D: 2Syz (2) 
F.(1)-#9016. Dkr Hp.d:.28yw.wRy.d:weavtfa.wRy: 

[#35'1] 2: wSy.v.w=awRy: 
Hp.#71171] D:w8y.Vey=z: 
(*90°16°17.(2)] 3: 2Syy (3) 
+. (2).(3). #90112. 3b :. Hp. 3: 2Ryw.D. 28 yw: (4) 
[Hp] 3: 2Sya (5) 
b #71171. Dh: Hp.aRy.d.y=z (6) 
b .#91°542'504.#35°61.9b:. Hp. d: wSya.w+a.wRy.d.w8, a. wy. 
[x92111] Dd. ySyen (7) 
F.(5).(6).(7)- Dt: Hp. d:wSya.wRy.d.ySya (8) 
b.(5)- (8). #90112. Dk:z. Hp. di zRyy. I. ySya (9) 
b.(4).(9)» Di Hp.d:2hyy. 3. 2yy. ySya (10) 
+.a)2. (10). DF:.Hp. 3: 2Syy. ySya.s.2Ryy: 

[#1 21-103] 3:3 (ersa) = By! 

[#121°38] = R(zHz):. 3+. Prop 


-_- 
4121-434. +: Hp #121431 .2=a.5. Ryfe= BR (zz) =z 


Dem. 
+. #3218.3+:Hp..2Rz. 


-— 
[#9633] 2. Ryiz=Ue. (1) 
[#121°38] D.R(eH2) =t'2 (2) 
b.(1). (2). DF. Prop 
#12144, +: ReClso1.2R,.2.3.R (zz) ¢ Cls induct 
Dem. 
F . #121°43°432-433 .> 
vo & 
Fi Hp.z+e( Ren Ry). D. BR (zz) e Cls induct qd) 
b #121434, #120213 .3 
ee 
brHp.z=e(Rin Ry'z). 3. R(zeaz) ¢ Cls induct (2) 
F.(1).(2). 3+. Prop 
#121441. b; ReCls—»1.2R, 2.3. B(wHz)  Cls induct [#121-44-41] 
#12145. +: ReCls1.3.R(eHz)¢ Clsinduct [*121°42°441] 
#12146. +b: Rel—Cls.d. RB (wz) eCls induct [1 21-45-143] 


#12147. +: Re(Cls—1)v (1 Cls). 3. R (az) eClsinduct [¥*121-45-46] 
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#12148. F:.ReCls1.3: 


Ne‘R (wry) < Ne‘R(aHz).=-! RB (aHz)— R(eHy) 
Dem. 


b#121:39.5F:.Hp.Oo:q!R(aHz)— R(ary).=. 
R (any) C R(wHz). R (ay) + RB (eeaz). 
[120°7 121-45] D.NefR(aHy) < NefR (@H2z) qd) 
b . #117-222-29.. Db: Ne‘ R (ary) << Ne‘R (eH z).9. 
~{R(aHz)CR(emy)} . 


[#2453] 3.q!R(wHz)- R(ary) (2) 
F.(1).(2).95. Prop 
#121481. b:. Re Cls 1.3: Ne'R(eHy) < Ne‘R(arHz).= 
Ray) C RB (araz) 
Dem. 


+. #121-45 . #120441 .5 

bs. Hp. 3: Ne‘R (aHy) < NefR (az). 

[*121-43] ar q! B(any)— R(arz). 

[#2455] «R(ary) CR (ez) :. 3+. Prop 
The above proposition is used in the proof of *122°35, which is an im- 

portant proposition in the theory of progressions. 


im {Nef R (Hz) << Ne‘R(ary)}. 


Wo ill 


The following propositions are concerned with the identification of such 
relations as P, with powers of P in the sense of *91. 


#1215. +: Pe(Cls—1)u(1>Cls).P,,€/7.9. 
fivid‘P = Potid‘P. fin‘P = Pot‘P 
Dem. 
b. #121°30231.3+:Hp.3.P,=IfCP.P,=P (1) 
b. (1). #121'332°383-352.b:.Hp.veNCinduct.3:Pyya=P,/P: (2) 
[x91°341] D: Pye Potid‘P.3. P41 Potid‘P: P,e Pot'P.3.P,,,:¢ Pot‘P (3) 
b.(1).*91:35.3+:Hp.3. Pye Potid’P. P, e Pot‘P (4) 
F. (8). (4). #1201347. :. Hp.3:veNC induct. 5. P,¢ Potid‘P: 
ve NC induct — 0.3. P,e¢ Pot‘P: 


(#121-°12°121] D:finid‘P C Potid‘P.fin‘PC Pot‘P = (5) 
b.(2).#121:121.3+:.Hp.d:veNCindnct.3.P,|Pefin‘P: 

[#12112] D:Qefinid’P.3.Q!Pefin'P: 

((1).#9117-171] >: Potid‘P C finid‘P . Pot‘P C fin‘P (6) 


F.(5).(6)-3+. Prop 


#121501. F: Pe(Cls—y1)u(1—Cls). P,, GU gi P.d. 
Pot'P = finid‘P — uf P, = fin‘P 
Dem. 
+. #121302.3+:Hp.d.q!P, qd) 
b. (1). #121'5-327. D+. Prop 
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#121502. F: Pe(Cls—> 1) yu (1 Cls). Pp EJ. 9. 
8(finid‘P — u'P,) = P,, = sfin‘P 
Dem. 
91504. 433-24, #1205. Db: P=A.D. §(finid‘P—ofP,)=A=P, (1) 
bt. (1). #1215015. +. Prop 
#12151. +: Pe(Cls1)v(13Cls). P,, CJ... P, = P?. Py= P*. ete. 


Dem. 


b.«121'31. DF:Hp.d.P,=P (1) 
b.#121-382333. Dt:Hp.d.P,=P,!P, 
{@)] =P (2) 
b . #121-882'338-352.+:Hp.d. P,= P| P, 
((1).(2)] =P (3) 


+ (2). (3). ete. DF. Prop 


#12152 b: Pe(Cls—1) v(1-Cls). P,, GJ. D. sfinid‘P = Py 
[x121°5 . #91-55] 


We shall at a later stage (*801) give a general definition of P». When 
this definition has been introduced, we shall be able to prove, with the 
hypothesis of *121-51, 

ve NCinduct.>.P,=P. 
The definition of P’ is postponed on account of various complications which 
render a general definition of P’ difficult. The chief difficulty arises when 
@iPAT. Thus suppose we have yPy; we shall also have yP*y, yP*y, ete. 
Hence if we have «Py, we have 
.ve NC induct — '0.3,.2Py. 
Again, suppose this case excluded, but suppose 
(ae, y)~ pe NC induct ye P (@Hz). yPry. 
Then we shall have 
ve NC induct — 0 —1'A 3. yPHXery. 
Thus the general definition of P’ has to be complicated, except when P,, € J. 


The following propositions are concerned with the series of relations P, 
and the series of terms yp. The relation P, holds between two terms (roughly 
speaking) when it requires v steps to get from the first to the second; the 
term vp is the rth term starting from B‘P, which, when it exists, is 1p. In 
order that vp should exist, it is necessary that B‘P should exist, and that 
there should be just one term « in the field of P such that the interval from 
B‘P to x (both included) consists of » terms. When this is the case for all 
inductive cardinals from 1 te », we can say that P generates a series starting 
from B‘P and having at least y terms, each correlated with one of the cardinals 
in the interval from 1 to », both included; ie. the series has a uth term, 
whenever 1 w<v. If this holds for all inductive values of v, the family of 
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B‘P is a progression*. (It will be observed that all such terms as vp belong 
to the family of B‘P, which need not form the whole field of P.) 


#1216. $0.9. f (vp). =. f [ug {NotP (BEPry) =0}] 
Dem. 
b. #12111. 120414416. +: Hp. 2: 


SUG [NeP (BPry)=o}}.=-f U9 (BP) P, ay] 


Mill 


[#12113] ~f (vp): D+. Prop 
#121601. f: E1 BP. 3. BYP =1).~{(B‘P) P,,(BP)} 

Dem. 
+. #91504. #931. Db .w{(BP) P,, (BEP)} « (1) 
[#121301] Dh: E!BP.D: (BP) Py. sy. BP =y: 
[¥31-17] >: BP = PkBP: 
[x121-13] >:BeP=1p (2) 


b.(1).(2). DF. Prop 


#121602, b: EL BP. Pel 1.3. P*BP =2p 

Dem. 
+. #121°306°601. 3+: Hp.3.P(BSPHP‘BP) «2 qi) 
b.#121:23°601.3b:: Hp.3:. (BP) Py. BYP, ye P(BSPHy).BP+yt 
[#54'53.4121303] Dz. P(BPHy)e2. 9: P(BiPesy)=UBP uty. (BP) Poy? 


[x92-111] D:(P‘BP) Py. P(B Py) =UBP vty: 
[¥121-103°601] 2: PB Pet BP vty. PBP SBP: 
[51-232] Diy=PBP (2) 


k. (1). (2).#121-6. DF. Prop 


#12161. +:Pel—aCls.P,,€J.res‘gen’P.D. 

, (qa,v).aBP .ve NC induct .aP,2 
Dem. 

+.*98°36. Di. Pel—+Cls.wes‘gen'P.D.(qa).aBP.aPye (1) 

b.#12152.3+:. Pel+yCls. PCJ. 3: aPye.= 2a (sfinid’P) « (2) 

F.(1).(2). DF: Hp.3.(qa).aBP.a(sfinid‘P) z. 

[#12112] >. (qa,v).aBP .veNCinduct.aP,v: 3+. Prop 


#12162: PeClso1.P,,¢J. (BP) Pye. d. 
(qv). ve NC induct — 10.2 = vp 


Dem. 
b. #12152. Dh: Hp. >. (BP) (sfinid'P) 2. 
[¥121-12] 2. (qv).ve NC induct . (BYP) P,« Qy) 


* Cf, *122, below. 
R&W It 16 
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+. #121341.5+:Hp.ve NC induct.>.P,eCls—1 (2) 
b.(1).(2). Dk: Hp.d.(qv).veNCinduct.c=P/BIP. 
[#12113] 3D. (qv).veNC induct .c=(v+,1)p. 
[#1 20°47 1] D>. (qe). we NC induct —10.2=p: D+. Prop 
#12163. b: Blyp.d.N,ciP(BSPHvp) =v 
Dem. 
+. ¥121-13-181.3+:Hp.3. (BYP) P,_.. vp. 
{#121-11] Dd. N,ciP (BSP Hp) =v: Dt. Prop 


#121631. f:. PeCls1.P,,€J.ve NCinduct— 10.3: 
Nic P (BiPHy)=v.=-.y=vp.= .(BP) Pay 


Dem. 
b.4120°414-416 .#121-11.5 
ki. Hp. 3: N,cfP (BiPHy) =v. =. (BSP) Py_ay: qd) 
[#1 21-341] =.y=P,_./BP. 
[*121:13] =.y=vp (2) 


£.(1).(2). 3+. Prop 
#121°632°633 are required for proving *121°634. 
#121632. |: PeCls1.P,,€ J .ve NCinduct—10.y=vp.yPz.3.2=(v+_1)p 
Dem. 
b.¥12113.5b:Hp.3.(BYP)Pyoy.yPz. 
[¥121-333-352] >.(BP) Pz. 
[121-631] D.2=(ptelp: Dt. Prop 
#121:633. |: PeCls1. Pi, €J.veNC induct —10.vpeD‘P.9. 
BiG ici tpor us 
{*121°632] 
#121°634. 1 :.PeCls—1.P,,€J.veNCinduct—10.3:vpeD‘P.=.E'(v+yl)p 
[*121°633'631°'333'352] 
#121635. bk: PeCls1.P,,GC J. El vp.>.ve NC induct — «0 
Dem. 


+. #121°63-45.3+:Hp.3.ve NC induct (1) 
b.#12113. Dh: Elop.3.q! Po_y- 

[*121:272] D.(v-.1)+.1>0. 

[#120°416] d.y>0 (2) 
F.(1).(2).3+. Prop 


#121636. F: PeCls—>1. P,,@ J. El vp. E! (ute l)p-D- 
ra 
Pf BP = P(B‘Peavp) Nyc! Py BP = v 
Dem. 
F.#121-635.3+:Hp.2.veNCinduet—10. (1) 
[¥121°684.Hp] Dd. vpweD‘P (2) 
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+. (1). #12168. Dh::Hp.d:q!P (BPH): 


[*121-23] 51. (BP) Pyvp ts 
[96'302.491 542 D1. (BP) Pyz.D:2Pyvp Ve vpPyye (8) 
F. (2).(8).#91:504. Dts. Hp. 3: (BP) Pys sD. 2P gre: 

[*4°71] 3:(BP) Pyz. =. (BP) Paz. zPyppt 
[4121-108] 3: Py BP = P(B’Prvp): (4) 
[*121°63] D1 Nyc PyBYP =» (6) 


F./4). (5). DF. Prop 
#*121-637. bt: El vp. >. vpeO'P 
Dem. 
b. #12118 #1498. Db: Et vp. =. vp =P, BP. 
[*121°322] -vpeC*P: D+. Prop 
#121638. Fs. E! (v4, 1)p. 3: (BYP) Pw. =.= (vq l)p: (v 41) ~, 1 =v 
Dem. 


VU il 


b. #12113. Db: El (y+ 1)p- 5+ E! Popo BSP (1) 
[*121-272] D.(v4+.1)-,1 20. 
[¥14-21] D-El(v+,1)-,1. 
[#14/22.(120-411)] D.(v4.1)-,l =» (2) 


+.(2). 3b: Hp. 3:(BYP) Pic. =. (BP) Possy-ak« 


[(1).#80°4] =. 0= Poy ABP. 
[x121°13] =.2=(v+,))p (3) 
+. (8). (2). DF. Prop 


be 

412164. +: PeCls—1.P,,GJ. ve NC induct—40. Ne“Py'B‘P BvD. El yp 
Dem. 

b. 4121-636. Dt. Hp. Elvp.D:sE! (v-te lp» Ds Nec Py BP =v (1) 

+. #120428. Dt: veNCinduct.qiv+,1.3.v+,1 >». 


[*117-281] 2.vVer +e) (2) 
beell715. Dhingiv+,1.3..w~Bv+e_1) (8) 
b.(2).(8). DhiveNCinduct.d.~(vev+,1) (4) 


+.(1).(4). Dts. Hp. Elyp.3: a 
WE! (vty 1p Dov (Ne Py BP > v +51): 
[Transp] Di No‘ Py! BP Dv +y1+D-E! (+91) (6) 
(6). Syll #1176. Dh: Hp: NetPy'BP > v-2.Btyp: >: 
NetPy!BP Sv +.1.>-El(vtel)p (6) 
b.¥14-21. 4121-601. 3+: NotPy BP > 1.2.E! Ip (7) 
F .(8)-(T) #120473. 


bs. Hp.3:NeP, BYP Sv. >. E!vp:. D+. Prop 
16—2 
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#121641. bi. PeCls—41.P,, GJ. veNC induct — 0.3: 
yaa 
Ne‘Py‘ BP > v.=.Elvp 
[#121°64-63:32] 

#12165. +: PeCls—+1.P,,GJ.p+0. ES (wtyv)p. Dd. upP, (uw tor)P 

Dem. 
+. *121°681°635'64 . *120°452 .3 

Fr Hp.>.(BP) Pyawp (BYP) Psa (ue ter)p+ 

[*121°351.4«120-424] D.(BP) Py wp - (BYP) (Py | P,) (eter) « 
[4121°341.%72°591] D.upPy(ut+ev)pi dt. Prop 
#12166. +: PeCls31.P,,CJ.Ne‘P(BiPH2) >v.d.aeQ'P, 

Dem. 
b. 4121-45 . #12048. 3+:Hp.3.veNC induct, 


[x120'429] >. Ne‘P (B'PHa) > v t,1. 

(*117°31] D>. (ap). NeiP (BSPHe)=v4,l+.u- 
[12111] 3. (qu) (BOP) Py .8 
[#121°'351:352] >. (qu). (BYP) (P,y|P.)e. 

[*34°36] >.eeQ'P,: 3+. Prop 


The following proposition is used in #122°38°381. 


> > 
#1217, |: Rel—+1.aBR.akye. 2. Ryc= Raa). Ry‘a ¢ Cls induct 


Dem. 
b.#9625.3+:.Hp.dryRyr.d.aRyy: 


[*4°71] >) 3 y Rego =. aRyy yy 
(#121-103] D: Ryfa = Rae) a5) 


b.(1). #12145. +. Prop 


2 
#121-71. 2. Rela l:vestgenR.v.(qy)-ye Rye. yk, yiD- 
> 


Ry‘a ¢ Cls induct 
Dem. 


_s 
F.#1 21-7 .*93'36. 3+: Rel—al.wesgen‘R.D.Ry‘xeClsinduct (1) 
2 
be. x97 55 T1L. Dts. Rell: (qy).ye Rye yR yt: 
o e 
ye Rye. Dy yRyoy ice Ryka: 


[*10-26] 2:¢R, 2: 
[#121°381] D1 By‘a= R(era): 
= 
[#121-45] . D: Rye e Cls induct (2) 


F.(1).(2).3+. Prop 


—> 2 
¥12172. |: Rel—1. Ry‘ave Cle induct. 3. ae p'APot'R. Rf Rycet 
[¥121°71 . Transp . #93°271 .%120°212 . #5024] 


*122. PROGRESSIONS 
Summary of #122. 


By a “ progression” we mean a series which is like the series of the inductive 
cardinals in order of magnitude (assuming that all inductive cardinals exist), 
1.e. &@ series whose terms can be called 

Lp, 2p Spy ee MUR vee 

where every term of the series is correlated with some inductive cardinal, and 
every inductive cardinal is correlated with some term of the series. Such 
series belong to the relation-number (cf. #152 and *263) which Cantor calls w. 
Their generating relation may be taken to be the transitive relation of earlier 
and later, or the one-one relation of immediate predecessor to immediate 
successor. We shall reserve the notation w for the transitive generating 
relations of progressions; for the present, we are concerned with the one-one 
relations which generate progressions. The class of these relations we shall 
call “Prog.” 


It is not convenient to define a progression as a series which is ordinally 
similar to that of the inductive cardinals, both because this definition only 
applies if we assume the axiom of infinity, and because we have in any case 
to show that (assuming the axiom of infinity) the series of inductive cardinals 
has certain properties, which can be used to afford a direct definition of pro- 
gressions. The existence of progressions, however, is only obtainable by means 
of the axiom of infinity, and is then most easily obtained from the fact that 
the inductive cardinals form a progression. We shall not consider the existence- 
theorem until the next number (#128). 


From this number onwards convention Infin 7 of the}Prefatory Statement 
is used when relevant. 


The characteristics of the generating relation R of a progression, which 
we employ in the definition, are the following: 

(1) & is a one-one relation; 

(2) there is a first term, 7. E! BSR; 

(3) the whole field is contained in the posterity of the first term, «Ze, 


ee 
CR= Ry‘BR. (If this failed, O'R would consist of two or more distinct 
families, of which, since we have E! B‘R, all but one would have to be cyclic 
families or infinite families with neither beginning nor end.) 


(4) every term of the field has a successor, ie, the series is endless. 
This is secured by U‘R C D‘R, or (what is equivalent) OR = D‘R. 


246 CARDINAL ARITHMETIC [PART IIL 
’ 


These four properties suffice to define the one-one generating relations of 
progressions. It will be observed that (2), (3) and (4) are all secured by 


D‘R= Ry BR. 


This secures E1! BSR, by «14°21; it secures O'RCD‘R, by *37:25 and 
*90°163; hence, by *33°181, D‘R = C*R, and therefore 


O'R = Ry BER, 
Hence our definition of progressions is 
Prog =(1+1)n &(D‘R= Ry‘B‘R) Df. 
Instead of stating in the definition that R is to be a one-one relation, it 
is sufficient to put Re Cls+1.R,, EJ, which, with D‘R= Ry ‘BSR, implies 


Rel-+1, and may be substituted for Re1— 1 without altering the force of 
the definition (#122°17). 


In the present number we shall prove, among other propositions, that 
every existent class contained in a progression has a first term (#122-23), ae. 
that progressions are well-ordered series; that in a progression R,,¢J 
(*122'16), which makes the propositions of *121 available; that if v is any 
inductive cardinal other than 0, vp exists (*122°33), ae. the series has a vth 
term; that any class contained in D‘R and having a last term is an inductive 
class (*122°43), and that any class contained in D‘R and not having a last 
term is itself the domain of a progression (*122°45), so that every class con- 
tained in D‘R is either inductive or the domain of a progression (*122'46); 
that if P is a many-one, and «a member of its domain, and if the descendants 
of « have no last term and are none of them descendants of themselves, then 
P arranges these descendants in a progression (#122'51); and that the same 
holds if P is a one-one and ~(#Pz) (#122'52); and that if Pel—+1 and # 


belongs to one of the generations of P, but not to one of the generations of P, 
then P arranges the whole family of z in a progression (*122°54). 


The following general observations on the families of one-one relations 
may serve to elucidate the bearing of the propositions of this section. 


Given any relation P, we call P 6x, te. Pyfe u Pyée, the family of x. If 
P is a one-one, this family may be of four different kinds. (1) It may be a 
closed series, like the angles of a polygon. This occurs if P,,2. In this case 
the family forms an inductive class, (2) It may be an open series with a 
beginning and an end; this occurs if 


_ 2 2 
~(@P,,). E! minp’ Py‘a. EY maxp’ Pye. 


In this case also the family forms an inductive class. (3) It may be an 
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open series with a beginning and no end, or an end and no beginning. This 
occurs if 


_ 2 oe 
~(@P, 2). BE! minp’ Pye .~ E! maxp’Py‘a, 
. _ 2 2 
or if ~(@P p92) «+E! minp! Pye. Et max! Pye. 
In this case, the series is of the type » or Cnv‘“‘w, and is non-inductive and 


reflexive. (4) The series may be open and have neither beginning nor end. 
This occurs if 


1 > 2 
~(@P 9%). E ! minp! Py‘a .vE ! maxp‘Py “a. 
In this case we get a series whose relation-number is the sum (in the sense 
of #180) of Cnv“@ and , which again is non-inductive and reflexive. In all 


four cases, if y and z be any two members of the family of a, the interval 
between y ana z is an inductive class. 


If 2 isa member of BP, or if the family of 2 contains a member of Bp, 
cases (1) and (4) are excluded, since the series has a beginning. In this case 
the number of predecessors of any term is an inductive number. It will be 
observed that every family is either wholly contained in s‘gen‘P or wholly 
contained in p‘A“‘Pot‘P; families of kinds (2) and (3) (excluding, in (2), 
those which have an end but no begmning) are contained in s‘gen‘P, while 
families of kinds (1) and (4), and those of (2) which have an end but no 
beginning, are contained in p‘C‘Pot‘P; families containing a member of 


=> 
BP are contained in s‘gen‘P, while all others are contained in p‘Q“Pot*P. 


Thus a one-one relation in general gives rise to a number of wholly 
disconnected series, some closed, others open and with or without a beginning 
or an end. The condition that all the series should be open is P,, GJ. 


The case of a Q-shaped family, considered in #96, cannot arise when 
Pel-—l, for in a Q-shaped family the term at the junction of the tail and 
the circle has two predecessors, one in the tail and one in the circle, so that 
the relation in question is not 11. It follows that, when Pe 1-71, if a is 


— 
a family containing a member of BYP, a1 P,, GJ (cf. #96°28). 


When B‘P exists, there is only one family which has a beginning. In 
this case, ignoring the other families (if any), we call the members of the 
family of B‘P respectively 1p, 2p, 3p, .... If the family has » members, 
where » is an inductive cardinal, its last member will be vp. If on the other 
hand the number of members of the family is not an inductive cardinal, it 
must. be &; in this case, the family forms a progression, whose members are 
1p, 2p, 3p, ..., vp, -.., where vp always exists when y is an inductive cardinal. 


In addition to the propositions already mentioned, the following are 
important: 
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#12221. bs. ReProg.a,yeCR.d: eh y.V.t=y Vi yRy & 
(Cf. note to *#122°21, below.) 
#12234. b:. Re Prog. D:veNCinduct -10.=.E! vp 
#122341. b: Re Prog. >. D‘R=2 {(qv) .ve NC induct —10.2=v,} 
Tn virtue of these two propositions, the terms of a progression are 
Lp, 2p, By, -0) VR, ony 


where every inductive cardinal occurs. This is the same fact as is usually 
assumed when the terms are represented as 


iy Bah. Weg yh os 
> > 
#12235. +: Re Prog. ve NC induct — 10.3. BSR, = R(lgHy,g). BR, ev 
#12236. big! Prog n #e.>. Infin ax (a) 
#12237. +:Re Prog. >. D‘R~e Cls induct . N,c‘D‘R~e NC induct 


—s 
#12238. +: Re Prog. >. Ry‘xe Cls induct 
Ze. the number of terms up to any given point of a progression is inductive. 


A <_ 
#12201. Prog=(1>1)n R(D'R= Ry BR) DE 
41221. fr ReProg.=.Re1—31.D‘R= Ry BR [(#12201)] 


ya 
#12211. b:.ReProgy.=: Rell. E! BRiceD‘R.=,. ce Ry BR 
Dem. 
b 122-1. *14°205 .3 


bi: Re Prog. =:.Rel—1 :(qa).a=BR.DR= Ryfa. 

[#20°43] =iRelvl 1.(qa)ta=BRi2eD' Raye Rylan 

[#1415] =:.Rel—1:.(qa)ia=BRiceDR.=,. we Ry BR h 
e& 

[414204] =: Relwl. E!B Rice D‘R.=,. xe Ry! BRi: D+. Prop 


e 
Observe that, by the conventions as to descriptive symbols, D‘R = Ry‘B‘R 

ya 
involves the existence of B‘R, whereas we D‘R.=,. ce Ry‘BR does not, 


yan 

since, if B‘R does not exist, we have («).2~« Ry‘B‘R, and therefore 

(z).a~eD‘R will satisfy the equivalence, i.e. A will satisfy the equivalence 

although it has no first term. This is the reason why E! B‘R appears 

explicitly in *122'11, though it was only implicit in *122:1, 

12212. bi: ReProg.=:.Relvl. HE! BRi.ceDR. =: 
BRea.RaCa.da.vea [#122711 .*90-1] 
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12214. +: ReProg. >. R,BR=OR 
Dem. 
F122]. 437-25. 3h: Hp. >. ‘R= RR BR 
[*91°52] = Ry‘ BR: D+. Prop 
#122141, ts ReProg.d. ‘RC DR. OR=D'R 
Dem. 
b. #1221 48795. Db: Hp. d.CR= RR BR. 
[*90'168] d.ERCR BR. 
[#1 22-1."33'181] >.CRCDR.OR=D‘R: 3+. Prop 
#122142, b: ReProg. PePot'R.D.D'P=D‘R [#122141 . 49214] 


#122143. |: Re Prog. PePot'R..C'P CDP [¥122-142141 . 491-271] 
412215. +: Re Prog. >. R= (Ry'B‘R)] R= Rf (B,oB‘R) = RE (Ry! BR) 
Dem. 
b. 41221. 3563.4: Hp.d. 2k = (ig BR) R 


[496-2] = RY CR,‘ BR) 
[#9621] = Rp (Ry{BR) 1D t « Prop 


#122151, bs Re Prog. D. Ry =(Ry(BR)| Ry = Ry By BR) 
[435°63°66 . #9014, 122-1411] 


#122152. +: Re Prog. 3. R,, = (By! BR) Ryo = Ryo f <BR) 
<_— 
= Bol Re’ B'R) 
[*85°63°66 . #91°504 . *121-114] 
#12216. +:ReProg.d.R,, GJ [9623 .*122'152] 


This proposition enables us to apply to progressions all the propositions 
of *121 in which we have as hypothesis 


ReCls 1.8, EJ, or Rel1+Cls. R,, Ed. 


_ 
#12217. +:ReProg.=.ReCls1. Rk, CU. DR= Ry BR 
Dem. 
& e 
+. *8568. Dk: DS R= RK, BR... R= (Ry BR) 1K qd) 
-— = 
+. *96453.9b:ReCls—l. (By BR) 4 Ryo CJ «Dd. (Ry! BSR) Re 1-1 (2) 
b.(1).(2).#1291. Db: D‘R= Ry BR, Re Cls1. Ry GJ .D. Re Prog ®) 
b.(3). #122116... Prop 
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To illustrate this proposition, consider its application to the inductive 
cardinals arranged in order of magnitude; «.e. take as a value of # the relation 
£5 (we NC induct . v= +,1). 
We then have ReCls—1.0= BR; aleo_ 
NC induct = D‘'R = Ry BSR. 


We have also 
q!e+,1.-4+,l=v+,1.3-p=», 


so that Rf (-tfA)el > Cls. 
Again 
pR,v.=-(¥a). oe NC induct — 10. v=p4,2, 
whence PRY Alb. D. wey, 
ie. (— A) BR, EV. 
But we do not get Re 1» Cls or R,, GJ unless we have 
Awe NC induct, 


which is the axiom of infinity. If this condition fails, we reach at last an 
inductive cardinal which = A, and we have 
A=A4,l, 

so that A has two immediate predecessors, namely itself and the last existent 
cardina]l. The posterity of 0, in this case, is a Q in which the circle has 
narrowed to a single term, namely A. 

Thus we need the axiom of infinity in order to prove 

fd (we NC induct . v= pw +, 1) € Prog. 

#1222. +: ReProg.a,yeCR.Dickyy.v.yRyc [*96-302. 1221141] 


#12221. +:.ReProg.ayeCR.Dichyy-V-e=Y Vi YR @ 
[*96°303 . #122°1:141] 
This proposition, together with #12216 and «91°56, shows that if R e Prog, 
R,, has the three properties by which transitive serial relations are defined 
(cf. *204), namely it is (1) transitive, (2) contained in diversity, (3) connected, 
i.e. such that it relates any two distinct members of its field. We shall at a 


later stage define the ordinal number @ as the class of such relations as R,,, 
where Be Prog. 


#*122°22. t:ReProg.aCD‘R.ayca—R,“a.d.0=y 


Dem. 
b. 412921. 3h: Hp.d:aR,y.vecsy .veyRyot () 
F.#87-105. 3+ rea thy .D.yeRyia: 
[Transp] Dh:wvea wyrwe Rygha -2.+@R,y) (2) 
F.Q). Dk: Hp. d.0(@Rey)-~(yRpo2) (3) 


+ .(1).(8). D+. Prop 
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#12223. +: ReProg.aCD‘R.qia.>. 


Et min (Ry )fa.a— R, ofa = U'min (R,,)§a 


Dem. 
+. 49652. Dh: Hp.d.g!min(R,.)a (1) 
ay : 
93°11]. #12222. 3+: Hp. d:2,yemin (Ryo) a. Dz,y.e=y (2) 


F.(1). (2) .#82-4. #98111. +. Prop 


This proposition shows that every existent class contained in a progression 
has a first term, «.e. that a progression is a well-ordered series (cf. *250). 


#122-231. +: Re Prog.aC R,“a.d.a=A 


Dem. 
b.#91504.3+:Hp.d.aCUR (1) 
~ 
F.x9311. Jt:Hp.d..E! min (R,,)'a (2) 


b. (1). (2). #12223:141. Transp. 3+. Prop 


y 3 

#12224. +: ReProg.PePot'R.D.D‘P = Py “BP = s‘gen’P 
Dem. 

+ .#122°1.*92102.3+:Hp.>.Pel—ol. 


[493-42] >. p'A“Pot!P = P<pA“Pot!P 

[491-581] >. pA Pot'P C RB, pA" Pot'P. 
[¥122-281] >. p'd“Pot!P=A (1) 
b.(1).*98°37°36. Dk: Hp.d. OP = Py BP =s'gen'P (2) 


b.(2).#122°143. 5+. Prop 
ae 
Except when P=R, B‘P will not reduce to a single term. In fact, if 
=> > 
P= R,, BP=R (1gHop), ve. BP consists of the first v terms of the progression. 


#122:25. +:ReProg.PePot'R.xeD‘R.D. 
— - 
(Px'2) | P ¢ Prog. 2 = BY(Py‘2)1P} - 


Dem. 

b 4129-1. 492102. Dk: Hp.>.(Py‘a)| Pel —>1 () 
b.¥122-148. DhrHp.>.Py'eC DP. a 

[435-62] >. D‘((Pya)1P}= Pye (2) 
b.4B74. 49152. Dh. O(Py'a) P} = Ppa a (3) 
.#12216.4916, D+: Hp.D. we Prot Be (4) 
b . #91542. DPiyekg hry Tin) G02 pot (5) 
F.(2).(8).(4)-(5)- 3: Hp. 3.2= Bt{( Pye) 1 P} (6) 
F .(1). (2)« (6). #96181. +. Prop 
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The above proposition shows that what we may cali an “arithmetical 
progression” in a progression is a progression, 1... if, starting from any term 
of a progression, we take every other term, or every third term, or every vth 
term, we still have a progression. 


#12226. +: Re Prog.aCR,“a.qia.d.DR=R,,“a 


Dem. 
b. #221. Db:.Hp.d:BRea.d. BRe Ra (1) 
b . 491-542 .412911.3+: Hp. BRvea.diyeanD‘R.D,. (BSR) Ry: 
(%91°504:%37'15] Diyea.dy.(BR)R,y: 
[*10°55.Hp] D:(qy)-yea.(BR) Ry: 
[#871] D:B Re R, Ma (2) 
b.()-(2). DF: Hp... B Re R,,“a (8) 
b.x92111.D¢:. Hp. dive RR, “a. cRy.d. ye RyMa. 
[*91°545] D.yeau R,,“a. 
[Hp] Dye Ryo a (4) 
b.(8).(4).*90112. 3+: Hp.3:(B'R) Ryy. 3. ye R, “a (8) 


+. (5). #1221. 3+. Prop 


The above proposition shows that if an existent class contained in a 
progression has no maximum, then any assigned member of the progression 
is succeeded by members of the class. 


The following proposition states that if a has members belonging to a 
progression, and there are members of the progression which do not precede 
any member of «, then there is in the progression a last member of a. 


¥122-27. +: Re Progy.q!D‘R-R,,“a.qtanD‘R.D. 
Et max(R,)‘a. qian DR — R,,‘a 


Dem. 
b. #12226. Transp. *37:265. Ib: Hp.d.qlanCR—-R,, {a (1) 
b. 4122-21. Dt: Hp.wyeanCR— R,,“a.d.c=y (2) 


b. (1). (2). #98115 . #122141. +. Prop 


> 
#12228, |: Re Prog.aC Ry‘x.qla.>.E! max (R,,)a.qlan D'R—R,,“a 
Dem. 


+. x9013. 4122141. 3+:Hp.d.aCD‘R (1) 
b #9014. #122141. 3: Hp.d.ceD‘R. 

[¥71-161.#122'16] Dd. Raw Ra. 

[#1221] >. q!D‘R- R,,“a (2) 


b .(1). (2). #12227... Prop 
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#1223. |: Re Prog.d.D‘R=2 {(qv). ve NC induct. (B‘R) R,x} 
[#1 21°52 . #122°1:16] 


#12231. /: Re Prog.ve NCinduct — 00.3. 0‘R,=9 [Ne R(BYRey) > v} 
Dem. 
+. #*120-429.3+:.Hp..3:Ne‘R(B‘RHy) >v.=. Ne R(B Rey) Sv4,1. 
[*117°31] =.(qu).weNC.NeR(B Roy) = p+ v4.1. 
vtolwtevtleN,C. 

[¥121-45.4120-452.41104] =. (qu). we NCinduct. 

Ne‘R (BRHy) = p+ pytolepteytele N.C. 
[¥1.21-11°35.*110-43.4100°3] =. (qu). we NC induct .(B‘R) R,|Ryy. 


[#841] =. (qu, 2). we NC induct. (BSR) Ra. 2R,y. 
[*122°3] =.(qa).veD‘'R.aR,y. 

[¥121°323] =. (qn) oRy « 

[¥33'131] =.yeQ‘R,:. DF. Prop 


#12232. +: Re Prog.veNCinduct —20.9. 
BR, = DB no (Ne'R (Be RHe) < v} 
Dem. 
F .%122°142 . *121°501. 5+: Hp.>.D‘#, = D‘R (1) 
F, ¥122°31.%120442. Db: Hp.d.—-C‘R,=2 (Ne R(B Rez) Gr} (2) 
+ .(1).(2).#93:101. >. Prop 


#122'33. +: Re Prog. ve NC induct —10.3.E! vg 


Dem. 
fF. &121-601. #12211. DF: Hp.d. Ell, (e) 
b . #121-634'637 . #122141. bs. Hp.d:E!vg. Dd. E!l(vtel)p (2) 


b.(1). (2) «#120478. F. Prop 


#12234. Fs. Re Prog. 3: ve NC induct — 00. =. E! vp [#122'33.4121-635) 


#122341. +: Re Prog. D. D‘R=2 {(qv). ve NC induct — 0. # = vg} 


Dem. 
F. #122:3:34 . #121-638 . > 


FrHp.3. DR =2 {(qv). ve NC induct . #@=(v +, 1)z} 
[*120°471] = @{(qv).veNC induct —¢0.2= yg}: 3+. Prop 
In virtue of *122'34°341, all the terms of a progression occur in the series 


1p, 2g, ... vp, ..-, and every inductive cardinal except 0 is used in forming 
this series. 
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> > 
412935. +: ReProg.veNC induct —10.3.B‘R,=R(1lpeivg). BiRyev 


Dem. 
+. 121-68 #12238. Hp. >. Ne‘R (BR vp) =. a) 
[#12232] >. BR, =D‘R no (Ne‘R(BR 42) < NetR(BRHv)| 
[121-481] =D'Ra(R(BRH2)CR(BRHD,)} 
[x1 22°1.4121°103] = 8 (BR) RyosyRye. Dy .yRyre} 
[490-17-18.41071] =8 (BR) Ryx.2Ryra) 
[121°103] = R(BRH 1) (2) 
[#121°601 #12211] = R(1pHvp) (3) 


F. (1). (2). (8). 3. Prop 


4122-36. bs! Prog nt. >. Infin ax (2) 

Dem. 
b . #12235. Dh: Re Prog ante. veNCinduct—20.3.q!v(e) (1) 
b.(1). #10112. 3b:. Re Prog nts. :veNCinduct.5,.q!v(a): 
[*120°301] > : Infin ax («):.3 +. Prop 


#12237. +: Re Prog. 3.D‘Rve Cls induct . N,c'D‘R~e NC induct 
Dem. 
b. #12285 .Dt:. Re Prog. d:veNCinduct.3,.q!ClD‘Ra(v+, 1). 


[*117-22:107] D.NcDR>Svt1. 
[%120:429] D, NecDkR>v. 

[¥#117-42] 3, NoefD‘R +: 

[*13-196] 3: N,cfD‘R ~e NC induct (1) 


F .(1). #12021 .+. Prop 
ae 
#12238. +: Re Prog.>. Rye Clsinduct [#121-7 . #9018 . ¥120-212] 


4122381. : Re Prog. veNCinduct — 0... Ry‘vg= RB (Lgrivy) « Ry'vpev 
[#1217 . #122°35] 

The following series of propositions are concerned in proving that any 
class contained in a progression is inductive if it has a last term, and is a 
progression if it has no last term. In the latter case, it is supposed arranged 
in the same order as it had in the original progression. A certain complication 
is necessary in order to define its one-one generating relation. If R is the 
generating relation of the original progression, we proceed first to R,., then 
to R,[ a, where « is the.class in question; this gives us a transitive generating 
relation for a Calling this relation P, we then proceed to P + P%, i.e. the 
relation of consecutive members of the series generated by P. This relation 
turns out to be one-one, and to arrange a in a progression ; hence our proposition 
is proved. The reason for the necessity of this detour is that consecutive 
members of a may not be consecutive members of the original progression. 
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*122-41, b: ReProg-aCD‘R.yea— Ry a-2.aC h(B Ry) 
Dem. 
b. 487-1. #1051.3 +: Hp. D2zea.3,.~(yRyo2)- 
[122-21] D,- 2Ryy (1) 
F.%122-1. Dt: Ap.d:2¢a.D,.(BSR) Rye (2) 
F. (1). (2). #121103. F . Prop 
#12242. +: Re Prog.aCR(BRHy). yea. Dd. y= maxzia 
Dem. 
F.#*121103.5+:.Hp.Dizea.d,.2hyy 


[#91:574.9122-16] 22+ ~(YRooZ) # 
[#87-1.%10°51] Diyre Rypla: a) 
[*96'303]} Dizea~—R,,a.d,.2=y (2) 


F. (1). (2). «93115. 3+. Prop 
¥122,43, |: ReProg.aCD‘R.qla—R, “a. >. a¢ Cls induct 
[122-41 . 121-45 . *120-481] 

Thus every class which is contained in a progression and has a last term 

is inductive. We have next to prove 
ReProg.aCD‘R.qla.~qla—R,o“a.2.ae D‘ Prog. 
This is effected in the following propositions. 
#12244. +: ReProg.aCk,“a.qia.P=R,fa.Q=P+P.5. 
Qel—1.QEG Roo 

Note. The hypothesis here exceeds what is necessary for the conclusion, 
but is the hypothesis required for *122-45, for which the present and the 
following propositions are lemmas. 


Dem. 
b .*2343 .*35-442.5b:Hp.d.QCR,, @)) 
F. #36713 « Dr:iHp.dia,y,2ea. eR oy -YRyoe+D.aP%: 
[Transp] D:9,y,26a.0R,,y «~(aP%) «Dd .~(yRyo2)! 
[#3613] D:aPy.~(@P%z).3.~(yRyo2): 
[*3-47] Ds aQy -aQz «D1 (yRyo2) + (zRpoy) « 
[¥122-21.(1)] D.y=z (2) 
Similarly bi Hp. Dd:aQ2.yQz.3.¢=y (8) 


F.(1).(2).(8). 3+. Prop 
#122441. | : Hp *122-44.9. D‘Q=a 


Dem. 
b.«8741.5F:Hp.d.D‘QCa (1) 
b.a871. Db: Hp.Dd:vea.d (Hy). yea. ORyoy 
[#8613] D.q! Pe. 
& ve 
[122:23.493'11] PRici a - Ry i Pio 7 
[x35+442] D.q! Pia PM Pee, 
= 
[*37:311.%32°31°35] D.q! Qe (2) 


b. (1). (2). #334. Db. Prop 
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4122-442. |: Hp *122-44.3.P=Q,. 
In proving P € Q,, below, we assume Pz and consider the maximum of 
Kotz n Oxf, which is shown to exist and be Q‘z, whence 2@Q,,z. 
Dem. 
+ .#2343.3+:Hp.3.QeP (qd) 
b.#9156.3+:Hp.d:P?EP: 
{d)] D:SEP.D.S|\QEP (2) 
b.(1)- (2). #91171. 41151. 5+: Hp.3.Q,,EP (3) 
f.#8618.#1211.5b:.Hp.3:0P%2.=.2,2ea.qlanR(e—2z): 
Transp. Fact D:aQz.=.4,260.0R,,2.anR(a—z)=A (4) 
[Transp 
~ - 
b.*122441.3b:. Hp. oPz.3: 06 (Ky'2 n Qyfa)? 
> & => - 
[#122:27] D:q! Rf 0 Qx'a Pree Bo’ 0 Qe‘) a 
*37°461] D2 (Gy) YE Ryolz 9 Oyla » Ryofy A Ryoft a Qyia= A: 
[ AY) ¥ op Pie vit y pi Dias 
[*90°151] D:(qy) ye Rot 1 Qyfa » Byofy 0 Rye n Qyty= A: 
e 

[4] Dey iystsn Gye! 

~ (Hw). w eRyotyn Ryolt an Ri fyn Byfw =A: 
[22°43.%9156] ODi(qy)i ye Ryo‘ ra) Qt Hy ee a =a 

~(qw) wean Roly A RyiZ an Ryoly A Ryle 0 Ry fw= At 
[*87°461] >) ay) -y € Ryo'zn Qx'r. ms s 

~alan Ryn Rife — Ryan Ryofy 0 Ry o'2)t 

> & & > 
(#122-28.Transp| 3:(qy). ye Ry f2n Qyia.an Booty on Ry fe=Ai 
{(4)] D:(qy)-y Olt ~yQz: 
[#9152] 2: 4Qp02 (5) 
F.(8).(5). 35. Prop 
agra F: Hp ¥12244.5. min (#,,)fa= BQ. TQ=an Ra 
em. 
b. #91504. #122.442.5b:Hp.>.d‘Q=C‘P 


[437-41] =an Ryle (1) 
b.(1). #122441. DF: Hp.d.BQ=a-R,Ma (2) 


F.(1).(2)- #12223. Db. Prop 
< 
#122444. |: Hp #12244. 9.D‘Q=0,'BQ 


Dem. 
b.¥122-443 .#1421.3+.Hp.d. EI BQ. 
[*90'13] >. Qi BQCCQ. 
[122-441-443] >. OyiBQCa (a) 


bk. %122'443 . %96'303.> 
F:Hp.vea.c+BQ.3.(BQ) RK, @. BQ, ven. 
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[Hp] >. (BQ) Pa. 

[4122-442] >. (BQ) Qe (2) 
b.(2).#9154. Db: Hp. wea. >.(B'Q) Qua (3) 
F.(1).(8). Dk: Hp.d. Qy!BQ=a 

[w122441] =DQ:3+. Prop 


#12245, +: ReProg.aCk,“a.qia.P=R,fa.Q=P+P.3. 
Qe Prog. D'Q=a [*122:44-444-441] 


This proposition shows that every series extracted from a progression and 
having no last term is a progression. 


*12246. |: Re Prog.aC D'R.D. ae Clsinduct v D Prog 
[#122°43°45 . #120212] 
This proposition shows that any number less than the number of terms 


in a progression is inductive. This result will be developed in the next 
number (#123). 


#12247. b:. Re Prog.aCD‘R.D:ae Clsinduct—eA.=.qla— RB, “a 
Dem. 

b.#12245. 3h: Hp. qla.qla—Ryofa.D.aeD “Prog. 

[#12237] D. ave Cls induct (¢5) 

F. (1). #12243. 3+. Prop 


4122-48, F: Re Prog.aC D'R. ae Clsinduct.3.D‘R—a~e Cls induct 
Dem. 
b.#12071.3F:aC D‘R.a, D‘'R—aeClsinduct.>.D‘ReCls induct: 
(fransp] Dt:aCD‘R.aeClsinduct. D‘R~e Clsinduct.5. 
D‘R-—a-~eClsinduct (1) 
F.(1). #12237... Prop 
#12249. +: Re Prog.aCD‘R.aeClsinduct.>.D‘R—ae D‘‘Prog 
[*122'46-48] 
The following propositions are concerned with circumstances under which 
the posterity or the family of a term forms a progression. 


412251, +: PeCls—1. [ple =A. ceD'P. Pye CDP . >. (Py'2)| Pe Prog 
Here Ip‘x has the meaning defined in *96. 
Dem. 
b. #71261 .49613.D+: Hp. Q= (Pye) 1P->- 7 
QeCls—> 1. Q,5=(Py!2) 1 Pros (1) 
[#96104] Qo EI (2) 


R&W IT 17 
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b.eB561 4374. Dk: Hp(l).d.DQ= Pye. AQ =P“ Pa (8) 
[«91-52] 2B ti 

ay] = Quote 
[(2).#91°542] - = Queue) 
F(1)-@) 4). DFE Hp). >. DQ= Outer. OQ = Oyte— tte. 
[#93-101] >. BQ=t'e.D'Q=Qyta (5) 


F (1) «(2)-(6)-3 . 
F: Hp. Q=(Px‘)1P.3-QeCls—1.Q,, EF. DQ = Qy'BQ. 
[*122°17]} >. QeProg: D+. Prop 


The following proposition (#*122'52) is used in *123191, #2614 and 
#264°22, 


= 
412252, b: Pell .weD‘P.w(aP,y0)« Py’ CDP .D. (Pyfn) 1 P e Prog 


Dem. 
+. #96'492.5F:Hp.>.lpe=A qd) 
+. (1). #12251. DF. Prop 


The remaining propositions (#122°53'54'55) are not used in the sequel. 


e 
412253, t:Pel—1.wesgen'P . Pye CD‘P. >. (Pyéa) | P ¢ Prog 
Dem. 
oe e 
F.x9721.D+:Hp.d.(qy)- yBP. Pyia=Pxfy. 


‘— 

[#96°23.*93-1) D.(qy)-yeD‘P. Pale = Pyfy Ipy=A is bs 

[¥97°17.%91:504.Hp] D.(qy). ye D'P. Pyf'y CDP. Ipfya A. Pyfa = Pyly . 
2 

[¥122°51] D. (Pix) 1 P e Prog: 3 . Prop 


#12254. +:Pel—+l.wes‘gen’P ~s‘gen'P ae (Pyée) P ¢ Prog 
Dem. 
+ .*93°27:272, DF: Hp.d.wes‘gen‘P a p'dPot’P : 
[#93-381] D.wesgen'P. Py CDP a). 
F.(1). #12253. 3+. Prop 
#12255. Fi. Pel—+1,J:xes‘gen‘P— stgentP =. (Pyéa) 4 Pe Prog 
Dem. 
F.*35°61. DF: Q= ey «2)1P.>.DQ= Pyare a DP (1) 
b.aST4. Db: Q=(Py'a)1P.3:0'Q= PB ar 
[#97-17.492111.401-54-52]:Qel—1..0'Q= Pian UP (2) 


SECTION ©] PROGRESSIONS 259 


> e 
F.(1).(2).D:. Hp. Hp(1).3:q1 BQ. >. q! Pyic—O'P. 


[¥97-17."91-504] D.q! Fyn OP. 

[*93'38°27] D.ves'gen‘P (3) 
b.(1).(2).Dhs. Hp(8).3:DQ=C@.> Pyle D'P=Pyfa. 
[422621] >. Py DP. 

[*97-13] >. Pyia CDP. 

[#93'381-275] D.w~res'gen'P (4) 


b. (8). (4). 1221114154. D+. Prop 


17—2 


#123. &, 
Summary of *123. 


In this number we are concerned with the arithmetical properties of Ny, 
the smallest of Cantor's transfinite cardinals. Cantor defines N, as the 
cardinal number of any class which can be put into one-one relation with 
the inductive cardinals. This definition assumes that v+v+,1, when v is 
an inductive cardinal; in other words, it assumes the axiom of infinity; for 
without this, the inductive cardinals would form a finite series, with a last 
term, namely A. For this reason among others, we do not make similarity 
with the inductive cardinals our definition. We define N as the class of 
those classes which can be arranged in progressions, 7.e. as D‘‘Prog. We then 
have to prove that N, so defined is a cardinal, and that if it is not null, it is 
the number of the inductive numbers. 


For convenience we put for the moment WV for the relation of » to w+,1 
when p is an inductive cardinal. We then easily prove 
p= 
#1232123. +.Ne«Cls—+1.D‘N =NC induct. BSN =0. Ny‘0 = NC induct 


The only thing further required to prove Ne Prog is VN ¢1—>Cls, ie. 
uw, veNCinduct.~+,.l=v4+,1.3.p=n 
By *120°311, this holds if q!+,1, which holds if Infin ax holds. Hence 
4#123:25-26. |: Infinax(#).>.Nf ewe Prog. NC induct n ta eX, 
whence, by *122°36, 
¥123-27. bsg iN, (x). >. NC induct n we, 


Again it is obvious from *12234°341 that if R is a progression, D‘R can 
always be put into a 1-91 relation to the inductive cardinals (*123°3) since 
D‘R consists of the terms 1,, 22, ...vg,---, and all the inductive cardinals are 
used in putting D‘R into this form. Hence 
#12331. b:aeN,.D>.asm NC induct 
whence also . 


#123311. F:a,8eN,.d-asm 8 


Tt remains to prove that any class similar to the inductive cardinals is an 
N,; this can only be proved by assuming the axiom of infinity. We prove 
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first (*123'32) that if R is a progression, and S is a one-one whose converse 
domain is D‘R, then S| R| Sisa progression whose domain is D‘8. Hence 
#123321. baeX)-asm B.D. Be, 

From this and a, 8e&,.D.asm 8, we obtain 
#123'322. FiaeN.2.N,= Nefa 

Hence by our previous results 
¥123'34. |: Infinax(2).>.N,= Ne(NC induct n ta) 

Also we have, by *123:322 above, 

iN. Dd.N NC, 

whence, since A ¢ NC, we obtain at last 
#12336. +.N,eNC 


As to the existence of N, in various types, if Infin ax (x) holds, we. if, given 
any inductive cardinal », there are classes having v terms and composed of 
terms of the same type as x, then NC induct (é‘x) eX, (a). Thus 


#12337. +: Infin ax (x). 3. P Ny (Hx). &, (PX) e NC 


The arithmetical properties of &, in regard to addition, multiplication and 
exponentiation by an inductive cardinal are easily proved. We have 


#12341. b:yeNCinduct.3.N,=No tov 

4123-421. b. X= N4+,% = 2 x, &% 

#*123°422. b: ye NCinduct —10.3.x, N=, 

#12352. FL. = XxX, No HN? 

#12358. b: ve NCinduct—10.3.%"=®&, 
All these propositions are well known. 


The early propositions of the present number are for the most part 
immediate consequences of propositions proved in #122. 


¥#123°01. N, = D‘‘Prog Df 

#123-02. N= 29 {we NCinduct.v=(wt+,1)n%%u} Deft. [¥1283—4] 
#1231. b:aeN,.=.(qR). Re Prog.a=D‘R [37-1 . (%123°01)] 
#123101. f: Re Prog.d.D‘Re®, [*123°1] 


ee 
412311. F: Relo1.D‘R=RyBR.D.D'Re, [128101 . x1 221]! 


_~ 
#12812, biaeN,.3.(qR).D'R=a.Rel+1.URCDR.B Rel 
[¥123°1 . 122141-11] 
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#123:13. F:aeN,-3.Ne‘a=Nefa+,1 

Dem. 
F. #12312 .*110°32.3 

Fr:aeX.9.(qR). DS R=a.Relwl.NeiDR=NeO‘R+, 1. 

[*100-321} >. (qk). D‘R=a.NeDR=NeiD‘R +, 1. 
[#85-94.%13'195] 2. Ne‘a=Nefat+,1: 34. Prop 
#123-14. b:aeN,.ve NCinduct.>.qtva Cla [12235] 
#12315. FiaeN).D.a~veCls induct {#122°37] 
#12316. F:aeX,.>.ClfaC Cls induct vu X, [*122'46] 


#12317. b:aeN,.8eClsinduct.d.a—Be®, 


Dem. 
+. *120481.>3+:Hp.>.an fe Clsinduct. 


[#12249] D.a—(an B)eN i Dt. Prop 
#12318. big tN, («). >. Infin ax (2) [*122'36] 
¥12319. +:ReProg.qia.aCR,“a.Dd.aeN, [*122°45] 
4123191, t: Rel—l.ae D'R.n(aR,o0). Ry’ CD‘R. Ds Ryko e® 


[¥122'52] 
-- 
4123-192, b: Rel—>1.CRCD‘R.D. Ry BRCR, 
Dem. 

= 
+. #98101 . DhizeBR.D.ceD‘R (al) 

= 
b.491°504.493101. Dk:we BR. D.0(@R, ga) () 
b.x9018. Dh:GRCD‘R.D. Ryo CDR (3) 


a 

F. (1). (2).(8). #128191. : Hp. we BR. 2. RyfoeNy: Dh. Prop 

#1282. bp Ny.=.peNCinduet.v=(u +l) atu [(#123:02)] 

#12321. +. NeCls—1. DN = NC induct. U‘N = NC induct ~10. BN =0 
Dem. 


b.¥123-2.%13172. DbkrpNy.pNo. dive: 3 
[*71-171] D+.NeCls—1 qd) 


b.#123-2. Db. D‘N=NC induct (2) 
b.#123°2. D+. ‘VN =9 {(qu). ue NC induct.» = p+, 1} 

[#120423] = NC induct — 00 (3) 
F.(2). (8). #98101 .DF. BN =0 (4) 


F.(1).(2).(8).(4) «Db. Prop 
#123-22, +. V=(+,1)PNCinduct [*123°2] 
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4123-23, +. N40 =NC induct = DEV 
Dem. 
b.4123-22 Db. Wy0= fly {+e DP NC induct}, 0] 
[*120°1.49621:1381] =f[» {NC induct 1(+, 1),} 0] 
[*120:1] = NC induct (1) 
F.(L).#123-21.. Prop 


#123-24. + :Infinax(#).>.NP Peel—l 


Dem. 
+ .#120°301:121. 3+:: Hp. 3:.eNCinduct. Ss q!(ut, late: 
[*120°311] Di(et ly aMe=v41.d.p=v: 
(%123°2.*71°17] 2: NE cel Cls qd) 


b.(1).#123:21.3+. Prop 

#12325. +: Infinax(«).>. Nf Pee Prog [¥123-21-23-24 . #1221] 
#12326. +:Infinax(x).>.NCinductadwe®, [#123-25°21-101] 
193-27, ki qiIN,(e).D.NCinductatee®, [123-2618] 


#1233. +:ReProg.S=2) {ye NCinduct.c=(v+,1)g}.9. 
Se131.DS=D‘R. A'S = NC induct 


Dem. 
+ .#120423, +: Hp. >. D'S =2 {(qu). we NC induct — 10. «= pa} 
[#122341] =DR a5) 
F .14204., #12234. Db: Hp. Dd. GSS =S{El(v +, 1p} 
[*122'34] = {v+,1eNCinduct—«0} (2) 
b. #12236 .*12038. Dt: Hp. div+,leNCinduct.>.qiv+,1. 
[#120°422] >.» NC induct (3) 


F.. (3). «120421121 ie) Fi. Hp. d:v4+,1¢NC induct —10.=. 
veNCinduct (4) 


F.(2).(4)- Dt: Hp.>.d‘S = NC induct (5) 
b.#13-172.e7117" Jt:Hp.3d.Sel1—Cls (6) 
F. #121631. Dt:.Hp.3:28.aSv.3. 

Ne‘R(BSRH«) =p +,1. Neo R(BRH«)=v+,1- 
{#13:171] D.wt+1l=vt,1 (7) 
F,(5).#122'36 #1203. Db: Hp. D:08z-D. ql pte]: 
[#120°41] D:cSpentl=vt1.d.p=v: 
(¢7)] D:cSp.¢8v.d.p=v: 
[*71:171] 3:SeChs 1 (8) 


F. (1). (5). (6) (8). DF. Prop 
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#12331. brae®,.D.asm NCinduct [#123'3] 
4123°311. b:a,BeN,.Dd.asm8 [*123°31 . #73'31:32] 
It is not assumed here that a and 8 are of the same type. 
#*123°312. tr ReProg.Se1—v1.0‘S=D‘R. 9. : 7 
S|R|Sel+1.DS=D(S| RIS). SBR = B(S| RIS) 


Dem. 
ba7E252.41221. Dt:Hp.d.S|R|Sel—l q) 
+. #122141 .487'321.+:Hp.>.D(R|S)=D‘R=a'8. (2) 
[#37°323] >.D(S|R|S)=D‘s (3) 
F. (2) .#3732. Dh: Hp.>.a(S|R|S)=9UR (4) 
F.(3).(4). Dt: Hp.>.B(S|R|S8)=D‘S- SR 
[437°25. Hp] = S“D‘R— S“OR 
[471-381] = SBR 
[#122'11.%53'31] =USBR (5) 


F.(1).(3).(5). DF. Prop 


#123313. : Re Prog.Sel—1 .S=D'R. P=S8|B|S.3.D‘P= Py BP 
Dem. 
b. #8436. #123312. 5+:Hp.3>.a*°PCD'P. EIB P. 


[x9013] >. P,iBeP CDP qa) 
F. «123312. Dt:Hp.d. SB Re Py BP (2) 
be aBS-14, Dh: Hp. See Py BP. oRy.d.yeU'R. 

[41 22141.Hp] d.yeCS. 

[x71-16] DEISy. 
[430°32.434-1] >. Se (S| B|S) Sty. 
[Hp] 2. Sta P Sty. 
[490163] >. Sy cP BP (3) 
b.(2).(8). #90112. Db. Hp. :(BR) Ryo. Swe Py BP 

[437-63] >: Sg BRCP (BP 

[4122-1] Dd: SDRC PyBP : 

[#37-25.Hp] >: D‘SC Py BP : 

[#123'312] >: DPCP, BP (4) 


F.(1).(4). 35. Prop 
#12332. +:ReProg.Sel1o1.d‘S=D‘R.D. 
S| Ri Se Prog. DSS =D(S{ R/S). SBR = B(S|R|S) [*123:312°313] 
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#123°321. F:aeN,.asmf.3.8eN, [*12332] 
#123322. b: aeN.2.N,= Neka 


Dem. 
b . *123'311'321 .Db:r.aeX,.-I:GeN-. =. Asma qd) 
F.(1).*1001. 3+. Prop 
#123°323. +: Re Prog. 3. 8,=NeD‘R [#123322] 
#12333, + :. Infin ax (we). DraeN,.=.asm (NC induct n fx) [*123-26321-31] 
*123'34. |: Infinax(xz).>.N,=Ne‘(NC induct a #‘x) [*123°33] 
#123'35. bq IN, (a). 3.N,(c) = Ne(NC induct n te) [#123°34°18] 
#12336. +.N,eNC [#123°35 . *102°74] 
#123361. bq} N,.2.N,~e NC induct [#123°15°322 . #120°211) 
#12337. |: Infinax (a). 3. q!N, 2). & (fa) e N,C 
Dem. 
+. #120301. 3+: Hp. :veNC induct. 3,.qlv(a): 
[*65°13] DiveNCinduct.3,.q!iv.v=v(e): 
[(*65-02)] D:veNCinduct.5,.q!v: NC induct C He: 
[#123:34] 3: NC induct e&,. NC induct Cea: 
[(*65-02)] >: NC induct e &, (#«) Ql) 


b. (1). #108°34., #12336. 3+. Prop 
#12339. +. (Ni), = (Xo +01), 


Dem. 
b. #11812. #1176 . #128322. 3b 2(%,),=4.3.(%4+,1),=A qd) 
+. #123:13°322. Dkr A|L(R),» D+ (No), = (No +e L), (2) 


F.(1).(2). DF. Prop 
#1234. oF. N,=N,4+,1 [*123-39] 
#123401. Fi: qin,.2.N=N,—.1 


Dem. 
#120124. *123:36-4. 3b: qin,.d.NeNC—L0. 
[120-414-416] D.(% el) tel = No 
[123-4] =Ntol- 
[120311] D.N,-,1=® a) 
F. #11911. Db: (N)), =A. (No), =(Nr—o1), (2) 
F.(1).(2). 3+. Prop 


#12341. b:veNCinduct.>.N,=N +,» #1234. #12011] 
#123411. b:veNCinduct.3.N,=No— oy [*123°401 . #12011] 
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= e < < 
#12342. +: PeProg.Q=P?. >. Qx‘lp, Qx!2p € Ny» Ql pn Qyi2p = A 
& e 
Note that Qy‘1p is the odd terms and Q,‘2p the even terms of D‘P. 
Dem. 
= a = = 
b.4916. 5s. Hp.3:QyilpC Pyilp. Qy 2p C Pyle: 


[41221] D:Qy‘le CDP: 
_ 
[#8313] Dye Qy'lp.D.(qz)-yPz. 
[*122:141] D.(qz,w).yPz.2Pw. 
< 

[Hp.*90°163.%91'503] D>. (Gw). yQu . we Qy 1p. yPpow t 

e ~ 
[*37-1] D2 Qg!lr © Poo Qy'le t 

e 
[4123-19] >: Qqilpe®, @ 

- 
Similarly +:Hp.>.Qy2re (2) 
F. #121-601'602. 3+: Hp.3.1pP 2p. 
[1 22°16.%91-52-6] D.m(2p Qy 1p) (3) 

> Uo 

4121-602 . %53°31 4931. bs. Hp. 3: Q'2p>=]Plp=At 
[13°14] DiyQz.D.242Qp: 
[#91542] D2 2pQy 2 YQZ D+ WwQw.z- YQe 
[*92:11] >. 2 Quy: 
[Transp] D:~(2pQey) « yQz . D.~(2rQy2) (4) 
F.(8).(4)- #90112. Db: Hp. 3: 1p Qe --D (2p Qq2) (8) 


F.(1).(2).(5). 3+. Prop 
#123421, |. N= Ny +.N=2x,N% 


Dem. 
F . «123-42. DhraeN-3.(GB,y)-ByeR-Bay=A.BvyCa. 
[¥110-32.%117-22] >. Nefa>&,+,% Q) 
b.(1). #117623 DE rqi Ny. D.N=RtN (2) 
F. (2). #11812. #1176. DE. N=N+N (3) 


+. (8). *113-66. +. Prop 


4123-422. t sve NC induct — 10.3.» x, N= 
Dem. 
b. #113671. Dk ry x ,Q=N.d.(v +51) xR = Note 
[*123-421] =, (1) 
F.(1).#120-47..3+. Prop 
#12343. b:.q!&).D:v¢eNCinduct.d,.&,>v 
Dem. . 
+. «1231836361 .3+: Hp. 3.8,eNC—NC induct — ‘A. 


NCinduct C-u'A (1) 
F. (1). #12049. 3+. Prop 
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4123-44. bi.q tN). DrveNCinductui®.=.N pv 


Dem. 
F.#123-322. DF t.aeN).d:N Sv. Dd. Neadv. 
(#117-22'10412] D.qivaCla.veN,C. 
[#12316] D.q!va(ClsinductuN,).veN,C. 
[*103-26] D.(q8).v=N.c'8 . Be Clsinduct v&,. 
[#120-21.%108-26] D.veNCinduct uv uA, (1) 
F. (1). #12348. +. Prop 


#12345. b:.q!,.:veNCinduct.=.N,>v.S.¥<N, [#123-43-44] 
*123-46. +:aeClsinduct.GeN,.2.au he, 


Dem. 
b. #11032. #2291. 5+. Ne{au 8)=Ne'8 4+, Ne“(a— 8) (1) 
b. *120°481°21. D+: Hp. dD. N,ci(a—8)e NC induct (2) 
F. *123°322. D':Hp.d.N=Nes (3) 
F. (2). (3) « (#11004). #12341. Db: Hp.d.NehB+,Ne(a—B)=N, (4) 
b.(1). (4) .#100°44. 3 . Prop 


#12347. bi. q!N,.3:aeClsinduct uN,.=.(qy)-yeN-aCy- 


Near, 
Dem. 
b. 123-46. Di. Hp. D:aeClsinduct.>.(qy)-yeR-aCy qd) 
b #2942. DkiaeN.D.(qy)-yeNy-aCy (2) 
F. #12316. DE:(qy)-yeN,.aCy. >. a Clsinduct v & (3) 
F.(1).(2).(3). DF :. Hp. Dd: aeClsinduct u&,.=.(qy)-yeR-aCy (4) 
b .#123°44°322. Db: BeN,.I: Nicfae NC induct viN,. =. Nyefa Ne'8: 
[*103-26.%120°21.%117:107] DJ:aeClsinduct UX,.=.Neag Nes. 
[*123°322] =, Near (5) 


F.(5)-#1011:23.3+3.q!&,.D:aeClsinductuN,.=.Neagr (6) 
F.(4). (6). DF. Prop 


The following propositions are concerned in proving N,?=®,. The proof 
given is roughly Cantor's. It consists in showing that the relation R defined 
in the hypothesis of *123°5 is a progression. 


#1235. +: P,QeProg. 


R=RLP (qu): X =u | ve. V= (ute leh (v—sle-¥> 
X=pp lee V=1e} (ut,e]-D- Rell 
Dem. 


b.#122°34.9b:.Hp.d:X=ppl vg. V=(ut. lp) (v—_p lg. D- 
u,v e NC induct — 10.41 (1) 
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b.Q): Db: Hp. 3: (quv).X =p hve. V=(utol)p|w—.te-D+ 


~(ae)- X=prhle-V=lel (tele (2) 
b.(2).#128'3. 


bi: Hp. Ds. (qu,v)»X =pp dh vge V=(uto lool (v-le:XRY’.X’RY:3. 
X=X'.Y=Y’ (3) 

+. (2). Transp . #123°3 . > 

FrHp.3:.(qu)-X=pello. V= led (ut eo: XRY’.XRY:3. 
X=X.V=Y' (4) 

+.(8).(4). DE: Hp. d.Rel—+1:3+. Prop 

#123501. |: Hp *123:5.3.D‘R=D‘P x D‘Q 

Dem. 
+. #12234. Db: Hp.d:p¢,ve NC induct —40.v4+1.9. 


(up hve) BR ((utelp bee} 4) 
+. #12234. 5+: Hp.3:~eNCinduct —10.5. 


(up t 19) B {lp | (ute Yo} (2) 
+.(1).(2). DF: Hp. Dt y,ve NC induct—t’O. 3d. pp) vgeD‘R: 
(#122:341] D:aeDP .yeD'Q.3.2,yeD‘R (8) 
b.#2138. Dt: Hp.d:XeD‘R.D.(qu,v).X =ppl vo. 

[#122°341] D.(quy).ceDiP.yeD'Q.X =a] y (4) 


b. (8). (4).#118°101. DF. Prop 


#123502. +: Hpx123-5.>.Q‘RCD‘R Bye ble) CDR 
Dem, : 
+. #2138. +:Hp. V=(u tele) v—eNe-v-l $1.2. 
Ru +.2eL(o-22el (1) 
b .¥21383.Db:Hp. F=(utol)pd lo-D- VR (lp d (ute 2o} (2) 
b.*2133.3F:Hp.V=Ipl(utole+2+ VR2p) we (8) . 
F.(1).(2).(8)- DF: Hp.d GRCD‘R: 5+. Prop 


#128°008, |: Hp #1235... DRC Ry‘(Ip | 10) 


Dem. 

b.4123'501 #12211. sHp.d. 1p] 1ge Ry(Ip | 1g) a), 
F.49016. Db: Hp. (1p J lo) Ry (up | 9) «v1. D+ 

(lp) Le) Bie (CH +0 Lp b (ee Yel (2) 
F.(2).#120°47 
t:Hp. (1p | 19) Ra (upd ve)- 2+ (Le 10) By (ute 0 Det 1} - 
{*9016] >- (1p | 1g) Ry {Tp | (a to »)el - 
[(2).¥120°47] 3. (le) ie) Bg ar | tela}: (8) 
[#9016] D- (pL 10) Re {4 +o lp 1 ve} (4) 
F.(1).(8). (4) « #120°47 . > 
bi. Hp. 3:p,veNC induct — 0.3. (1p | le) Ry (ue | v9) (8) 


F. (5). %122°341 . 5+. Prop 
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#123504. bs Hp*1235.3.BR=1p]1q [#1 23-84. #120414] 
*123-'51. +: Hp#123'5.3. Re Prog. DSR=D‘P x DQ 
[*123°5'501-502'503°504] 
#12352, F.N,=& x, NHN? [*123°51 . #11634. 4113'25-204] 
#12353. bs» e NC induct —20.3.8,"=8, [#123°52 . #11652] 
¥*123°7. | : Infin ax(#). Multax. 3. q!N, (#2) 
Dem. 
b #12334. #120301. +: Hp. >. NC induct (a) eX, qd) 
+. #10043 . #120°301.3+: Hp. >. NC induct (¢‘z) ¢ Cls ex? excl (2) 
b. (1). (2). #8832. It:Hp.d.q! Prod‘NC induct (ta) (3) 
+.(1).(2). #11516. D+: Hp. >. Prod‘NC induct (x) CX, (4) 
F. 115-18 . (#65°02). Dt: «ee Prod‘NC induct (ta). 3. «ttt (5) 
F 


« (3). (4) « (5) « (#65°02). DF . Prop 


#124. REFLEXIVE CLASSES AND CARDINALS 


Summary of #124. 

In this number, we have to take up the second definition of infinity 
mentioned in the introduction to this Section. A class which is infinite 
according to this definition we propose to call a reflexive class, because a 
class which is of this kind is capable of refleaion into a part of itself. A 
class is called reflecive when there is a one-one relation which correlates the 
class with a proper part of itself. (A proper part is a part not the whole.) 
A reflexive cardinal is the homogeneous cardinal of a reflexive class. 

We prove easily that reflexive classes are not inductive (#124271), that 
reflexive cardinals are such as are greater than or equal to &, (*124°23), and 
such as are unchanged by adding 1 (excepting A) (#12425). To prove that 
classes which are not inductive must be reflexive has not hitherto been found 
possible without assuming the multiplicative axiom. We do not need, how- 
ever, to assume the axiom generally, but only as applied to products of NX, 
factors. With this assumption, the result follows by a series of propositions 
explained below. Thus if a product of &, factors, no one of which is zero, is 
never zero, then the two definitions of the finite and the infinite coincide 
(#12456). 

We will call a cardinal » a “multiplicative cardinal” if a product of v 
factors none of which is zero is never zero. Thus all inductive cardinals are 
multiplicative cardinals; and the assumption needed for identifying the two 
definitions of finite and infinite is that &, should be a multiplicative cardinal. 

For a reflexive class we use the notation “Clsrefl,” and for a reflexive 
cardinal we use “NC refl.”. We define a reflexive cardinal as the homogeneous 
cardinal of a reflexive class, ie. we put 

NC refl=N,cClsrefl Df. 

The only effect of this is to exclude A from reflexive cardinals, which is 
convenient. We then need (on the analogy of #110-03'04) a definition of 
what is meant when an ambiguous symbol such as Ne‘a is said to be reflexive, 
and we therefore put 

Ne‘peNCrefl.=.Nyc‘peNCrefl Df. 

For the class of multiplicative cardinals we use the notation “NC mult.” 

Thus we put 
NC mult = NC a @ {x ean Clsex?excl.3,.qlest«} Df, 


whence it follows that if a¢NC mult, a product of @ factors, none of which is 
zero, will never be zero. 
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We begin, in this number, with the more obvious properties of Clg refi, 
proving that a Clsrefi is one which contains sub-classes of &, terms (#12415), 
that it is one whose number is unchanged when a single term is taken away 
(#12417), and that it remains reflexive if any inductive class is taken away 
from it (#124182). 

We then give corresponding propositions concerning NC refi («124'23-25 
‘252), proving, in addition to propositions already mentioned, that a reflexive 
cardinal is greater than every inductive cardinal (*124°26), and that a class 
which is neither inductive nor reflexive (if there be such) is one which 
neither contains nor is contained in any progression (#12434). On such 
classes, sce the remarks at the end of this number. 

We then (#124441) give a proposition merely embodying the definition 
of NC mult, and show that all inductive cardinals are multiplicative, which 
follows immediately from *120°62. 

The following series of propositions (#12451 ff.) are concerned with the 
proof that, if N, is a multiplicative cardinal, then the two definitions of finite 
and infinite coalesce. The proof, which is somewhat complicated, proceeds as 
follows. 

To begin with, we know that if p is a class which is not inductive, it 
contains classes having v terms, if » is any inductive cardinal. Thus we have 
BlOnClh*p, qi 1 aCl, ... qlvaCl*p, ... 

The classes of classes On Cl‘p, 1a Cl‘p, ... va Cl‘p,... thus form a pro- 
gression, which is contained in Cl‘Cl‘p. Hence (*124511) 


ts pve Clsinduct . 3. Cl‘Cl’p ¢ Cls refl. 
So far, the multiplicative axiom is not required. 
The above progression of classes of classes is 
(a Clép)NC induct. 


If P is a selective relation for this class of classes, D‘P is a progression con- 
tained in Cl‘p. Hence 


#1245138. bq Lea'(n Clép)*NC induct . 3. Cl‘p e Cls refl 
whence 
¥124:514. b:.N,¢NC mult .3: p~e Clsinduct. 3. Cl’pe Cls refi 
To prove the next step, namely 
Noe NC mult. gq 1&9 ClClfp. 3. q 1X0 Clip, 


we make a fresh start. We have, by hypothesis, a progression R whose 
domain is contained in Cl‘p; hence s‘D‘R Cp. Thus it will suffice to prove 


Ne NC mult. Re Prog. D‘R C Clsinduct.3.q!X,asD‘R, 
where the conditions of significance require that D‘R should consist of classes. 
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For this purpose, we prove that no member of D‘R can be the last that 
has new members which have not occurred before. The proof proceeds by 
showing that if this were not so, s‘D‘R would be an inductive class, and 
therefore, by *#120°75, D‘R would be an inductive class. Hence («124534) 
the members of D‘R which introduce new terms form an &, by #123°19; 
and so therefore do the classes of new terms which they introduce (#124°538). 
Hence (#1 24-536) a selection from these classes of new terms, which is a sub- 
class of s‘D‘R, is also an &,, and therefore (#124°54) there is a progression 
contained in s‘D‘R if the selection in question exists. This completes the 
proof. 

In virtue of #124511 and *120°74, we have, without the multiplicative 
axiom, 


#1246. bi pve Cis induct. = . Cl‘Cl‘p ¢ Cls refi 


Hence if it could be shown that Cl‘p cannot be reflexive unless p is 
reflexive, a double application of this would enable us, by means of *124°6, to 
identify the two definitions of the finite without the multiplicative axiom. 


#12401. Clsrefl=f {(qR).Relwal .TRCD‘R.g IBR. p=DR} Df 
An equivalent definition would be 
Cls refl = D‘{(191) a U‘B- Cnvd‘B} DE 
#12402. NC refl = N,c‘‘Cls refl Def 
#124021. Ne‘p e NC refl. =. Nic‘p e NC refi Df 
#124038. NC mult=NC n@{eeanClsex?excl.3,-q!ea‘«} Df 
41241. Fi peClsretl.=.(qR). Rell RCD R. gt BR. p=DR 


[(#12401)] 
#12411. b:Relol.GRCD'R. gi BR.D.D'ReClsrefl [#1241] 
#12412, 1.8, CClsrefl [#123-12. #1247] 


#12413. FrpeClsrefl. D.qtNyaClp  [al241 . #123192] 
#12414. |: peClsrefl.d.puceClsretl 
Dem. 
b.w7 1-249. 450:5°52.D 
t:Relwl.URCD‘R.q! BR.D‘R=p.S=IP(o—p).>- 

Ry Sell. D(Rw S)=D'Ruc.d(Rv§8)=CRu(e~p). 
[Hp-*93101] 3.RvSelo1.D(RvS)=puc.B(RuS)=BR. 
[Hp.#1312] >. RwSe1+1.D(RwS)=puc.q!B(Rvs). 

[#12411] 2. puyce Clsrefl (1) 
F.(1).#1241.F. Prop 
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#124141. bq! Cl‘pn Clsrefl. >. ¢Clsrefl 
Dem. 
b. 412414. 5b: weClsrefl. >. py (p—sm)e Cis refl. 
(#24411] Dbey~Cp.weClsrefl. >. peClsrefl: 3+. Prop 


#12415. b:peClsrefl.=.q!N,aCl'p 
Dem. 
b, #12412. DF rg iN, a Clfp.>.q!Clsrefin Cl’p. 
[#124141] D.peClsrefl ql) 
F, (1). #12418. +. Prop 


#124151, F:peClsrefl.=.Ne‘p > [*12415 . #11722] 


#12416. F:peClsrefl. =.(qo).oCp.qip—o.psmo. 
» qt Nefpn Clfp — tp 


At 


mit 


Dem. 
b.#731. 3b (qc).oCp.q!ip—o-psmc.=. 
(qR,c).¢Cp.qip—oc-Relw+1.D‘R=p.d0‘R=c. 


[#13°195] =.(qR).URCp.q!p—GR.Rel+»1.D‘R=p. 
[#13193] =.(qR).@RCDR. gq! D‘R-AR. Relw1. D‘R=p. 
[#93'101.41241] =.peClsrefls D+. Prop 
#12417. bipeClsrel.=.(qu).vep.p—iasmp 

Dem. 
b.¥12416.5: (qv). cep.p—tesmp.>.peClsrefl (1) 


+ . *123'17'192'311. 5 
~ - - 
b: Rell. GRCD'R. ce BR.D. Ryfosm Ryfa — ia. 


€ = e - 

[«73°7] D.(D‘R— Ryfx) v Ryfasm (D‘R — Ryfx) v (Rye — Ufa) » 
[24-41-41] >. D‘Rem D'R— te (2) 
b.(2). #1241. 3+: peClsrefl. 3. (qz).vep-psmp—u'e (8) 


+ .(1).(3). DF. Prop 
#12418. F:peClsrefl.psma.>.ceClsrefl [#124151 . #100321] 


4124181. +: peClsrefl. >. —t‘ae Clsrefl. p — tesm p 


Dem. 
b #1 2417-18 . #73°72 29 
bipeClsrefl.wep.3.p—iesmp-p—txe Clsrefl qd) 
+. (1). #51222. 3+. Prop 


#124182. |: p eClsrefl. oe Clsinduct. 3.p—ceClsrefl.p—osmp 
[124-181 . #12026] 


#1242. bs we NCrefl.=.(qp)-p¢Clsrefl. w= Nec‘p [(*124°02)} 
#12421. biweNCrefl.s. 


: 2 
(qk). Relw1. URC DR.gi BR.w= NyeSD‘R [«124:2'1]} 
R&W I 18 
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#12423, 
Dem. 


b. #17241. Dt pe. 
[*123'36-322.*103-26] 


[#1035] 
[#12415] 
[124-2] 
124-231. 
#124232, 


#12424. 
Dem. 


4124-25. 


#1242651. 


#124252. 
Dem. 


#124253, 
Dem. 


#12426. 
Dem. 


#124-27. 


#124271. 
Dem. 
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' 


F:peNCrefl.=.p2N 


+ (qa, 8). w= Niocfa. eX, qT! Clan®- 
+ (qa). p=Ni cla. qi Claa®,. 

- (qa). w=N,cla.aeClsrefl. 
-peNCrefl: D+. Prop 


biq!NCrefl.=.q!Clsrefl.=.q!h, [4124-21213] 


Wow Wee 


+ (qa, 8). ~=Nicfa. N= N,c6B. gq! Clfan Nes. 


big! NC refl. >. Infinax [#124281 . ¥123-18] 


b:.peNCrefl.=speN,Cz (qv). p= Nit .y-veNC 


124-23. #11731. 

bie NCrefl.=:y,Ne NC: (qv). veNC.p=Notor 
b. #1104. 3b: p=No+ 57. we N.C. 2d. Ne NC 

+ .(1).(2). D4. Prop 
FrpeNCrefl.=.peNC.p=pt l=. qi pe. p=ptel 
[#124172] 

FrweNCrefl.D.p=mt+ 1 [#12425] 
F:weNCrefl. ve NCinduct.>.~=pt+,.v 


b.#124251. 3b: weNCrefl. p=ptoy- I p=ptortl 
+. (1). #120711. 3+. Prop 


FiweNCrel.d.p=y+,® 


b #12424. 3b:Hp.d. (qv). p=Xitor- 

[*123-421] D. (ar) w= Note Ro tov. M=No ter 
[#13°13] D.w=Not mi Ib. Prop 

Fi. ee NCrefl. D:veNCinduct.3,.4 > 


b. #1242381. 3b:. Hp. Dr qin: 

[#123°43] D:veNCinduct.3,.X%, > 
b.(1). #12423... Prop 

FNC reflm NC induct =A [4124-26 . #117-42] 


+. Cls refi a Cls induct = A 
+ .#1242. Db: peClsrél. >. Nicioe NCrefl. 


[#12427] 3. Nycfp~e NC induct. 
[%120°21] D. pre Clsinduct: 3+. Prop 


(1) 
(2) 


Q) 


(1) 
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#12428. +: peCisrefl. =. Nio‘pe NCrefl.=.Ne‘pe NC refl 
Dem. 


b #42. (#124021). Db: No‘pe NCrefl. =. Nicfpe NC refl. 
[¥1 24-2] =.(qgo).oeClsrefl. Ne‘p=N,efo. 
[#10314] =.(qo). oe Clsrefl.psmo. pet oc. 


[124-18.473'3.463°103] 
¥12429, +.s‘NCrefl =Clsrefi 


-peClsrefl: DF. Prop 


Dem. 
+. #4011. >: pes‘NCrefl. =.(qu).peNCrefl.pep. 
[*103:26] =.(qu).weNCrefl.p=Nickp. 
[#13195] =.Nie‘peNCrefl. 
[#1 24°28] =.peClsrefl: D+. Prop 


41243, birgi&,. Dn <.ve we Ny: Ss. me NC induct v NCrefi 
[4123-45 . #12423] 

¥12431. big it&,.D.spec'%,=NCinduct uy NC refl [#1243 #120431] 

In virtue of the above proposition, if there are any numbers which are 
neither inductive nor reflexive, they are such as are neither greater than, 
less than, nor equal to Ny. (The existence of &, in a suitable type can be 
deduced from the existence of numbers which are neither inductive nor 
reflexive; cf. #1246.) T'wo further propositions (*124-33'34) are given below 
on uon-inductive non-reflexive classes and cardinals. The subject is resumed in 
the remarks at the end of the number. 


#12433, b:.q!&,.D:4eNC— NCinduct -NCrefl.=. 

BENG .n(w oN) .v(wS®) [41 243. Transp] 
#12434. birg IN,.3:.a~e(Cls induct v Clsrefl). =: 

(Ay) ryeNraCy.veyCa 
Dem. 
F . ¥120-21 . #12428. 3+: a~e (Cls induct v Cls refl). =. 
Nycfawe(NC induct vy NCrefl) (1) 
+. &128:36 . #103-'26. 3: BeN.d.N = Nieokh (2) 
b.(L)- (2). #12431. Db sz Be Ny. Dt. ave (Clsinduet v Clsrefl). =: 
Nicfa~espec’Nic'8 ¢ 


[#120°432] =10(Nycta < Nyc*8) ~~ (Nie’a & Nyc’): 
[*117-107-22] =:~(Ne‘a < Ne“B):~(qy)- ye NcfBiy Ca: 
[*123°322] =1~(Nefa SN) (Hy) YEN Ca: 

[*123°47] =n (qy)-yeR-aCyir(qy)yeRoeyCa (3) 


ian) 


b.(3)- #101121. 3+. 


#1244, bi. eNCmult.=:peNC:xceun Clsexexcl.3,.qLeate 
[(#12403)] 


Top 


18—2 
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#12441. +.NCinduct CNC mult [4120-62 . #1244] 

The following propositions give the proof of #124'56, which identifies the 
two definitions of the finite, on the assumption that &, is a multiplicative 
cardinal. (*124°518, however, is only used in proving *124°514, and *124514 
is not used in the proof. It is retained as marking a stage in the argument, 
although the actual propositions subsequently used are not it, but the lemmas 
which lead to it.) 


412451. bs p~eClsinduct .Q=(a Cl*‘p)| N| Cnv‘(n Clfp).>. 
Qe Prog. D‘QC Cl‘Cl’p . D‘Q =(n Clép) NC induct 
N here has the meaning defined in *123:02. 


Dem. 
b.x120°61-21 123-25. b: Hp... Me Prog a) 
+. «120491. 3+: Hp. J: p,veNC induct. 3,,,-qtuaClp.qlun Cl: 
[*22°5] D:y,veNC induct. wa Cl'ip=ynCl'p. dys 

qipwavaClh. 

[*100°43] Dav =D 
[*71°55] 3:(a Clép)f NC induct ¢ 11 (2) 
b.(1). (2). #12832. 3+: Hp.d. Qe Prog (3) 
b .#22'43 . DkiaeD‘Q.3.aCClp (4) 


F. (3).(4).#37'32°321. DF. Prop 


#124611. |: pwe Clsinduct.>. 
Cl‘Cl‘p ¢ Cls refi . (a Cl‘p)‘*NC induct e &, 9 Cls ex? excl 
[#124°51'15 . 120-491 . #100°43] 


RES OER: Nek sree Un) gy nage Os 
DéP e& a ClCl’p . D'P C Cls induct 
Dem. 
+. *83'11. Transp. + :.Hp.3:veNC induct. 5,.qlvnCl*p qd) 
b.&115°16. (1). #124511 . #120491. 3 
bk: Hp. >. D‘Pe Ne“(n Cl‘p)“NC induct . pwe Cls induct. 


[#124511] >.D'Pe®, (2) 
b.#83:21.3+:.Hp.diaeD°P.D.(qv).veNC induct. aevnCl'p. 
[&10°5.%120-2] >. ae Clsinduct .aeCl*p (3) 
F.(2).(3). Dk. Prop 


#124513. bq! ea(n Cl‘p)NC induct. >. ClfpeClsrefl [¥*12451215] 
#124514. + :.&,eNC mult. 3: p~e Clsinduct. >. Cl‘p ¢ Clsrefl 
[#124°511-513-4] 


The following propositions are concerned in proving that, if X, is a 
multiplicative cardinal, then a class such as D‘P in *124512 must be such 
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that a progression is contained in s‘D‘P. The characteristics of D‘P which 
are used in the proof are D‘Pe&,.D‘P CClsinduct. Since D‘Pe&,, we 
have (q.R). Re Prog. D‘(P=D‘R. Hence the hypothesis with which the follow- 
ing series of propositions is concerned is 

Re Prog. D‘R C Cls induct, 
but the earlier propositions do not need the full hypothesis. 


In what follows, note that if y« D‘R, ath is the class of those 
terms which occur in y and have never occurred before in any earlier member 
of D‘R. We prove that, with our hypothesis, members of D‘R for which this 
class of new terms is not null form a class which has no last member, and 
therefore form a progression. 


A > 
#12452. bi. Re Prog. =8 [(qy) -y¢ DR. B= ys Ryo'y GQ! B}- 9: 
—~> 
ae Cls extexcl sy, Se DSR ay +8. D. (ry — 8’ Ryohy) 9 (8 — 8 Ryd) = A 
Dem. 


+.420338. Dk: Hp.d:Bec.I- Gls Q) 
bk. 412221, Dt: Hp. y, de D‘R.ytd. 3: yR,8. Vv. dRyoy (2) 
b.etO18. DE s Hp. pRy3- Dy Co RogKSt 

[4243] D: (y—sByshy) 0 (8— 8 yg’8)= A (8) 
Similarly Lu Ep dys ora e Rays Cush A 


F.(2).(3).(4). DE: Hp. 7 SeD‘Riy 45.9. 
> ~ 
(y= #Byfy) 0 (BoB y'8) =A (8) 
b.(5).#2033. Db:Hp. 6h ec. Bh’. d.BnBaA (6) 
F. (1) (6). (5) DF. Prop 
4124521, bs Hp #12452. =9 (ye DR. gq! y—s'Ro'y} «osm 


Dem. 
b #12452 . #2457 .5 


> > 
be Hp.y, dem ey td. Day — 8 Byoiy +8 — 8 Ryo'd (1) 
b.(1). Db: Hp. S= A} {ye DR. Bay—s'Ryo'y 1B}. 2. 
Sel71.DS8=e.0S=7: 9+. Prop 
#12453. +: Re Prog. >.s‘D‘RveClsinduct [#120°75 . ¥122°37] 
=> 
#1245381. +: Re Prog. D‘RC Cls induct. > . s{Ry‘y ¢ Clainduct 
Dem. 
~ 
f .#122°38. 3: Hp. Dd. Ry‘ye Cls induct (1) 
b.(1).#120°75. 3+. Prop 


+ 
#124532. +: Re Prog. D‘R C Cis induct. 3.q 1 sfD°R — s‘Ryy 
[124'53°531 . 120-481 . Transp] 
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#124538. |: Re Prog. D‘R C Clsinduct. ye D‘R.D. 


~ 
(G8) -yR,.B «qt B- SRB 
Dem. 


~ 
+. 124582. 9 Hp. 3. (q8). Be DR. gt 8 —s'Byiy (1) 
b,x4018. Dh: BRyy. Dd. BCs Ryfy: 
3 
[Transp] Digi @—s'Ryiy.D. ~ (BR ¢1) : 
[¥12221] Dh: Hp. BeD‘R. gq! 8 —s'Ryhy D+ yRyo8 (2) 
F.(1).(2).3 
= 
bi. Hp. 32(q@)- RB. 'B—s*Ryiy: as 
[122-23] D: Et min (R,.)'B {yBo8 2G! B~ sR} 2 
[493-111] 3:(qB) ty Rp 8. GT! B—s'Ryly t ERB + Ds. 8 Cs Ryiy : 
> > > 
[%40°151] 3: (q 8). yRpoB- GT! B—s'Ryiy. ‘R68 Cs Ryfy : 
~ 
(*22°81] 3:(GB)-vVRpoS. G1 B—sRy 6B: Ib. Prop 
#124534. +: Re Prog. D‘RC Cls induct . 
pee 
w=4 {ye DR. gty—s'R,y'y}- 9. 7e®, 
Dem 
b 4124533. Db: Hp. dD. qla.r Byler () 
f.(1)-*12319. 5+. Prop 
#124535. +: Re Prog. D‘R C Cls induct. 
A ~ A 
o=Bl(qy)-yeD'R.B=7—-8R, fy. Gl B}.d.ce, 
[124534521 , 123321] 
#124536. b: Re Prog. D‘R C Cls induct. 
x => 
o=B ((qy).yeD'R.P=y—s'Ry'y- GT! 8 - 
Seeafo.- D>. DSeX. DSCsDIR 
Dem. 


b.#115'16 . #124°52'535.3+:Hp.d.DSer, ql) 
+, #83:21.5b:.Hp.3:D‘SCs‘o: 


¥ 
[#4011] D:reD‘S.3.(q8,7)-yeD'R.B=y—-s'Ryo'y- Qi! B.ceR- 
=> 


[#13'195] Dd. (gy) ye DIR. wey —s'Ryo‘y - 
[*22°4:3} >. (qy)-yeD'R. wey. 
[*40°11] D.cesDIR (2) 


F.(1).(2). DF. Prop 
#12454. +:N,eNC mult. Re Prog. D‘RC Clsinduct. >. q Noa Clis‘D‘R 
Dem. 
F .#124°52°535°4. D 
A > 
bi. Hp. d:o=B {(qy)-yeDIR.B=y—s'Byoy GiB}. Dd. qteae. 
[#124536] D.qI&,a Cl's*D‘R:. D+. Prop 
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#124641, +: Nye NC mult. Peea“(n Clip)NC induct. >. 
a!N,a Cl'ssD‘P, SDP Cp 


Dem. 
b.¥124512.3+:Hp.>.D*Pe®,. D‘PC Cls induct. 
[#123-1] >.(qR).D‘P =D‘R. Re Prog. D‘R CCls induct . 
[#12454] >.(qR). DiP=DIR. gt Xn ClisDR. 
[#13°'193.%*10°35] >. EN, a Clis*DP (1). 
+. #124512. 3+:Hp.d.D‘Pe Cl‘Cl'p. 
[*60:2} >. D‘PCCl‘p. 
[*60°52] D.sD‘'PCp (2) 
F.(1).(2). 3. Prop 
#12455. +: &,eNC mult. p~e Clsinduct.3.q!Na Cl‘p 

Dem. 


b.¥#124511-4.5b:Hp.d.qtes(a Clp)*NC induct. 
[41245411 60°4] 2. qi, a Clo: d+. Prop 


#12456. + :&,¢NCmult.>.—Clsinduct=Clsrefl. N,\C-—NCinduct=NCrefl 
Dem. 


+ .#12455°15.>+:Hp.>.—Clsinduct C Cls refl (1) 
+ .#124271. 3I+:Hp.>.Cisrefl C—Cls induct (2) 
F.(1).(2). Dk:. Hp.3:—Cls induct = Clsrefl: (8) 
[#120-21.4124-28] >: Niefp~e NC induct. =. N,e‘p e NC refl: 

[#108°2.4124'2] D:aeN,C—NOC induct. =.aeNC refl (4) 


+. (8).(4). 0. Prop 


The above proposition identifies the two definitions of the finite, on the 
hypothesis & ¢ NC mult. 


#12457, b:yeN,C—NCinduct.>.2%eNCrefl [#124511 .*116°72] 


#12458, +. 2*eNCrefl. D,. ue NC refl: >. N,C — NC induct = NC refl 


Dem. 
b.12457. Db: Hp. 3: weN,C ~ NC induct.>.2*eNC refi. 


[Hp] D.peNCrefl (1) 
F, (1) «#124227. 3+. Prop 
The above proposition gives another hypothesis which would enable us to 
identify the two definitions of the finite if it could be proved, namely 
®eNCrefl. D,.weNC refi, 
or, what comes to the same thing, 
‘Cpe Cis ref. D. p eCisrefl. 
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41246. Fi p~weCleinduct .=. Ol'Clfp e Cls refl 


ais b #124511. bs pve Ols induct . >. ClClip e Cis refl (1) 
b.¥1207%. Dk: peClsinduct. >. Cl\Cl*p ¢ Cis induct . 
[x1 24-271] >. Cl'Cl‘pwe Cls refl (2) 
F.(1).(2). D+. Prop 


#12461. b:.N,eNC mult. 3: pe Clsrefl.=.Cl*peClsrefl. =. Cl'Cl‘p eClsrefl 
Dem. 
b.#1246271.3+: pe Clsrefl. >. Cl'pe Clsrefl. 3. Cl‘Gl‘p e Clsrefl qd) 
+. 4124656. Db: Ne NC mult. 9: CiClpeClsrei.D.peClsrefl. (2) 
(] >.ClipeClsrefi (3) 
F.(1).(2).(3)- 3+. Prop 
The following properties of cardinals which are neither inductive nor 
reflexive (supposing there are such) are easily proved. Let us put 
NC med = N,C —NCinduct—NCrefl Df, 
Cls med = — Cls induct — Cls ref Df, 
where “med” stands for “mediate.” Then 
pweNCmed.d.u4+,1eNCmed.p—,leNC med.p+ytl-utu—_l. 
Hence mediate cardinals have no maximum or minimum. 
wveNCmed.>.n+,ve NC med, 
weNC med. ve NC med v NC induct — 10.3.4 x,ve NC med, 


whence we NC med. >. yp, pv, ... e NC med, 
uw’ eNC med. >: we NC med.v.ve NC med, 
weNCmed.3.2% ¢ NC refi, 

whence a! NC med.3.(qv).ve NC med . 2” ¢ NC refi, 


since we have either 4 « NC med . 2* « NC refl or 2*« NC med. 2” ¢ NC refi. 


*125. THE AXIOM OF INFINITY 


Summary of *125. 


The present number is merely concerned to give a few equivalent forms 
of the axiom of infinity, and of the kindred assumption of the existence 
of &. 

In virtue of #125°2425 below, if the axiom of infinity holds in any one 
type, then it holds in any other type which can be derived from this one, or 
from any type from which this one can be derived. Hence if we assume, as 
it seems natural to do, that all extensional types are derived from a first type, 
namely that of individuals, then the axiom of infinity in any such type is 
equivalent to the assumption that the number of individuals is not inductive. 

We deal, in this number, first with equivalent forms of Infinax, then 
with equivalent forms of Infinax(«), then with equivalent forms of q1N, 
or @!Nj(z). When “Infinax” or “q!X&,” occurs in this number without 
typical definition, it and all other typically ambiguous symbols are to be 
taken in the lowest logically possible types, or with the same relative types 
as if this had been done. The propositions of this number are often not 
referred to in the sequel, but are here collected together on account of their 
intrinsic interest. 


#1251. +s. Infinax.=:a@¢NCinduct.3,.q!a [*120°3] 
#12611. +:.Infinax.=:aeNCinduct.3,.at+a+,1 [%12033] 


*12512. | :.Infinax.=:aeNCinduct.3,.qla+,1 


Dem. 
by 10112.%125:1.3 


ts. Infinax. =:ae NC induct —10.3,.q!a: 
[¥120-423] =:aeNCinduct.>,.q!a+,1:.3+. Prop 


#12513. +: Infinax.=.AceNCinduct [#125-1. 2463] 


#12514. +: Infinax.2.(+,1)fNCinductel—+1 
Dem. 
F.#123-92-24, Db: Infinax.>d.(+,1)f NCinducte1—>1 (1) 
b.«7155. Dk: (+,1)PNCinductel—»1.3: 
a, Be NC induct .a+,1=@+,1.2.8-4=8: 
[Transp] D:4,8e¢NC induct.a+8.I,8-a4+,14+A+.1: 
[e101] D:A,BeNCinduct.A+@-Dp-A+,14B 4,1: 
[*110-4. Transp] >: Ae NC induct .@¢NCinduct.q!@.2s-q!(A +l) (2) 
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F.(2). 8101-12. #12013. > 


b:.(+91)P NC induct el —+1.A¢NC induct. 3: @eNCinduct.3.-q!8! 


[24°63] 3: Ane NC induct 
+. (8). #201. #12513. 5+: (4,1) f NC induct e1 +1..Infin ax 
F.(1).(4). DF. Prop 


#12515. |:. Infinax.=:p¢Clsinduct.3,.q!—p 
Dem. 
+.#*11063.3b:a~vep.d,.puuimeNecp+.1: 
[#1028] Dhigqt—p.d.qINe‘pt.1: 
[Syll] Dr: peClsinduct.>,.q!—p:D: 
peClsinduct. D,.q!Ne‘p+.1l: 
[#120-2] D:aeNCinduct.pea.d..-q!Ne'p+,1: 
[100-45] DiaeNCinduct.q!a.3..qlat+,1: 
[#1 20-18.%101°12] D:aeNCinduct.3,.q!a 
b.¥1312.Db:.a@eNCinduct.3,.q! (at l):3: 
ae NC induct. Nic‘p=a.a..q!(Nicfp +1): 
[*120-21] 3: pe Cls induct . 3,.q 1 (Nucfp +,1)- 
[#103-11.463°101.4110°63] 3,.(qy,2z).ysmp.z~rey.yelpyu—tp 
b.*1812.410°24. Dhkiy=p.zrey.-d.ql—p 
F. #120426 . 246.3: pe Clsinduct. ytp.yCp.d.~(ysmp): 
[Transp] DrpeClsinduct.ysmp.ytp.3-qly—p- 
[424561] Dd.ql—p 
b.(8).(4), DF: peClsinduct :(qy,z).ysmp.zrey.yelpy—ipid. 
ai-p 
+.(2).(5). DF:.a@eNCinduct.3,.q!(a+,1):3: 
peClsinduct.2,.q!—p 
F.(1). (6). #125121. +. Prop 


#12516. +: Infinax.=.q!Cls—Clsinduct.=.q!N,C—NCinduct.= 
Ve Cls induct 
Dem. 
F.*125-15. Dts. Infinax.=:peClsinduct.3,.p+V: 
[#13°196] =: V~e Clsinduct 
F,¥120481. Transp. D+ sq! Cls—Cls induct . >. Ve Cls induct 
b. (1). (2). 120-21. 34. Prop 


¥125-2, Fs. Infinax(#).=:aeNCinduct.>,.q!a(z) [#120301] 


#125°21. |: Infin ax (2). =. ewe Cls induct 

Dem. . 
b. #12515. 3+: Infin ax (). =: pe Clsinduct n Olt. 2,.q!—p: 
[*63:102] : pe Clsinduct n Cl'tx.3,.p $t'a: 
[*13-196] =:t'a~e Clsinduct :. 3+. Prop 


(3) 
(4) 


(1) 


(2) 
(3) 
(4) 
(5) 
(6) 


(1) 
(2) 
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#12522. | :Infinax(2).=.éeeClsrefl [#125°21 . 63°66 . *1246] 
125-23, |: Infinax(a).=.q IN, (e%~) [#1 25-22. #12415] 
¥125:24. |: Infin ax («).=. Infin ax (#«). =. Infinax (#«).= 


Dem. 
b.*125°21. 3+: Infinax (a). 


. Ma~e Cls induct. 


[¥120°74] » Clte~e Cls induct . 
[*63-66] =. t*a~e Cls induct. 
[*125-21] =. Infinax (¢'w): D+. Prop 


¥*125-25. +: Infinax (a). =. Infin ax (¢)‘a). =. Infinax (t,'a). =. 
Tofin ax (f"‘a) . = . ete. 
[¥116°91-92 . #120-56°52 . 125-21] 
a. > 2 

41253. biqiQ,.s.qi(doaljak(q! BR.wg! BR) 

Dem. 
b.#l231. Dh: qiN,.=.q! Prog. 
[*122-11:141] >. Tid nak@rBer. ~q! BR) (1) 
b. #123192. Dk: gill) a Rig! BR.wg !BR) «Dg IN (2) 
F.(1).(2). DF. Prop 
#12531. b:q!N,(@).=.tweClsrefl [*12415] 

= - 

#12532. bigitt,(2).=.qi(loal)aDta- Ate 

Dem. 

< & 
b.#63'102. DF: qi(l+1)q Dt«e-CAte.= 
(qR).Rel—l1. DR=te. CRC He. gte- TR. 


ith 


[#1241] . tae Cls refl Q) 
F. (1). *125°31.5 bs . op 
& € 

#12538. b:.q IN, (2). S:aCtae.qla.3..q!(l-l) a Da-Ca 

Dem. 
bh. #73°7 . 51222. Db aC te.yea.zeta—a.D.asm (a—l'y) uli: 
(*73-1] D.(qR). Relay ls nee a.U‘R=(a—ty) vez. 
[*33-6-61} >. qi(l+1)nD‘a— Ta Q) 
b.(l). Dkiqla.qite—a.d. atin De Gar 
[x63°L02]D bk: qla.aCtw.at+te.d. qi(lt)n Da- Ta 2) 


b. (2). *125°32. 4. Prop 
#12534. bi q tN, (2). =. etaneNC 


Dem. 
b.#125°32. Db :.0qtN,(2).=: Rel +1. DSR=te.d,.0R=tae: 
[*100°13] =:Ne‘ta=et'e. 
Lee 41:45] =itteeNC (1) 


F.(1). Transp. >. Piop 
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#125°35. b:.N oe NC mult. 3: q!N,(v). =. Infin ax (x) 


Dem. 
b. 4125°21 . #12456.5+:. Hp. >: Infinax (). =. tre Cls refi. 
(#125°31] S.q!&,(#):. D+. Prop 
#12536. +: Infinax(Cls).=.q!&, (Cls) 
Dem. 
b . #2414. #63°102°66 . Db. fa = CV 
[24-11] =(Cls qd) 


b. (1). #12524. 3+ : Infin ax (Cls). =. Infinax (2). 
[*125-23.(1)] =. 1N,(Cls): D+. Prop 


¥*126. ON TYPICALLY INDEFINITE INDUCTIVE CARDINALS 


Recapitulation of Conventions and Summary of *126. 


We have now arrived at the stage where we can adopt the standpoint of 
ordinary arithmetic, and can for the future in arithmetical operations with 
cardinals ignore differences of type. In order to understand how this is so, 
it will be necessary briefly to recall the line of thought of some of the previous 
numbers and the conventions upon which the symbolismn is based. 


The symbolism of #102, though perfectly precise as to the typical relations 
of the various symbols, is in fact too complex for use, except in cases of 
absolute necessity. It is better to use the typically ambiguous symbols Ne 
and sm, combined with some simple rules of interpretation of the symbolism, 
so as to secure that the various occurrences of the same symbols are in their 
proper relationships of type. This is the course followed in *100, *101, and 
in every number from *110 onwards. 

The important symbols which involve an explicit or implicit use of Ne or 
sm are called “ formal numbers,” and it is only necessary to make the rules of 
interpretation apply to them. 


A constant formal number is any symbol representing a typically ambiguous 
constant such that there is a constant a such that, however the ambiguities 
of type may be determined, the former constant is identical with Ne‘a. The 
variable formal numbers are defined by enumeration. They are divided into 
three Sets, the Primary Set, the Argumental Set, and the Arithmetical Set. 


The Primary Set consists of Ne‘a, > Ne‘«, II Ne‘, where @ is a variable 
Ols of any type and « is a variable Cls* of any type. Also a and « may them- 
selves be complex symbols which in some way involve variables. 


The Argumental Set has only one member sm‘‘z, where yu is a variable 
Cls? of any type. In its capacity of a formal number sm“‘y is only interesting 
when p is an NC; then sm“ gives the corresponding NC in another type, 
provided that » is not A. Also » may be a complex symbol which in some 
way involves a variable, eg. sm‘‘Ne‘a is a formal number of the Argumental 
Set: p is called the argument of sm*‘p. 


The Arithmetical Set consists of w+,v, 4 Xv, 4’, 4—-gv. These formal 
numbers are only interesting when » and v are also members of NC. Also 
wand » may be complex symbols, so long as one of them at least involves a 
variable. For example 2°+:” is a formal number, and so is a+,(3 +, v). 

The Primary and Argumental and Arithmetical Sets of Formal Numbers 
are derived from the corresponding sets of variable formal numbers, by 
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* 
adding to them the constant forma] numbers obtained by substituting constants 
for the variables occurring in the expressions for the members of the variable 
set in question. 


In the formal numbers of the arithmetical set as written above, yz and v 
are called the first components. Thus every formal number of this set has 
two first components. The first components (if any) of the first components 
are also called components of the original formal number, and so on; so that 
components of components are components of the original symbol. 


A formal number of the arithmetical set, whose components are all formal 
numbers, either constant or variable but not belonging to the argumental set, 
is called a pure arithmetical formal number. These are the formal numbers 
which it is important in arithmetic to secure from assuming the value A 
owing to lowness of type. 


The logical investigation of *100 and *101, where typically ambiguous 
formal numbers are used, is directly concerned in investigating the premisses 
necessary to secure various propositions from fluctuating truth-values owing 
to the intrusion of null-values among the cardinals. The convention, necessary 
to avoid determinations of type which we never wish to consider, is as follows, 
where the terms used are explained fully in the prefatory statement: 


IT. Argumental occurrences are bound to logical and attributive oc- 
currences; and, if there are no argumental occurrences, equational occurrences 
are bound to logical occurrences. This rule only applies so far as meaning 
permits after the assignment of types to the real variables. 


In ¥110, #113, *116, *119 we consider the arithmetical operations of 
addition, multiplication, exponentiation, and subtraction. Also in «117 we 
consider the comparison of cardinal numbers in respect to the relation of 
greater and less. 


There is no interest in complicating our theorems by allowing for the cases 
when a pure arithmetical formal number, whose components are ambiguous 
as to type, becomes equal to A owing to the low type of one of its components. 
Also in the theory of greater and less the possibility of null-values in low 
types has no real interest. Accordingly these are excluded from any con- 
sideration by the definitions 


#110°03-04, *113'04'05, *116:03-04, *117-:02°03, 


as far as members of the primary set of formal numbers are concerned; and 
for other formal numbers by the following convention: 


TIT. Whenever a formal number o occurs, so that, if it were replaced by 
Ne‘a, the dominant type of Ne‘a would by definition have to be adequate, 
then the dominant type of o is also to be adequate. 
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When o is a pure arithmetical formal number, this convention secures 
that the type of every component is adequate. 


But in arithmetic we also wish to avoid the intrusion of null-values into 
the consideration of equations, so far as this avoidance can be attaied by the 
use of high types. Accordingly when we are concerned with the purely 
arithmetical point of view, we add also the following definition and con- 
vention (AT). 

Definition. An arithmetical equation is an equation between pure arith- 
metical formal numbers whose dominant types are both determined adequately. 


AT. All equations involving pure arithmetical formal numbers are to be 
arithmetical, 


This convention is used in *117 and in some earlier propositions which 
are noted in the prefatory statement. 


Its effect is to render the statement of hypotheses often unnecessary. 
Examples of its application to the numbers where it is not used in the 
symbolism are also considered in the prefatory statement. 


In the case of the inductive numbers we cannot logically prove, apart 
from Infinax, that one type exists which is adequate for all the formal 
numbers 0, 1, 2, 3, ete. But we can prove that for any particular inductive 
number, say 521, a type exists for which 521 is not equal to A. Accordingly 
for a given symbolic form, in which the symbolism necessarily has only finite 
complexity, when the types of variables which by hypothesis represent 
inductive classes or inductive numbers, not A, have been settled, it is always 
possible to fix on a type which will be adequate for all the pure arithmetical 
formal numbers produced by the symbolism of the form, and also at the same 
time (and here the peculiar properties of inductive numbers come in) to have 
chosen the original types of the variables so that any of the variables can assume 
the value of any assigned constant inductive number, say 521, without being 
null. 


The result is that we may assume that the symbols representing inductive 
numbers are never null, and thereby obtain the stable truth-values of propo- 
sitions about them. 


Accordingly we proceed as follows: we put 
#12601. NCind=NCinduct—iA Df 


We make the rule that when NC ind appears, convention AT is always 
applied. The result is that when a formal number is an NC ind we need 
never think about its type, and accordingly all the conventions vanish from 
the mind, as far as pure arithmetical indefinite inductive cardinals are con- 
cerned. We supersede all other conventions by the single one that, if it has 
been proved or assumed that a formal number represents an inductive cardinal, 
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the types are so arranged that that formal number is not equal to A. The 
proofs of propositions in this number consist largely of the production of a 
definite type in which this result is attained. 


The important propositions are 


#12612. k:veNCind.3.(v +1) ote NC ind 

#126121. F.1,2,8,...¢ NCind 

*126-131415. F:a,8¢NCind.3.a+,8, «x,8, a « NC ind 
#126141. bk: a, Be NC ind - 40.=.a x, 8 e NC ind —10 
#126151. kra,8eNCind—10.a$1.=.a%¢ NC ind — 10-041 


Also *126-4'42'43 give the fundamental propositions for subtraction, 
division, and “ inverse exponentiation ”; and *126°5-51'52'53 the fundamental 
propositions for the relations of greater and less, 


#12601. NCind=Neinduct-~e‘A Df 

Whenever the symbol NC ind is used the Rule of Indefinite Numbers is 
adhered to, so that all consideration of distinctions in type among inductive 
cardinals can be laid aside (cf. Prefatory Statement and also the Summary of 
this number). 
#126011. b: ve NCind.=.veNCinduct—¢‘A [(#126-01)] 
#1261. biveNCind.=. (qa). aeClsinduct.v=Ne‘a.q!v 

Dem. 
F. #12014. *100-4. #126011 .5 

tive NOind. 3. (qa). v=Nea.veNCinduct—iA. 
(*118°01] >. (qa). v= Ne‘a.Ne‘ae NC induct —u'A. qtr. 
[*120-211] D.(qa).ae Clsinduct.v= Nea. qty Q) 
b.*120-21. D+: (qa).aeClsinduct.v=Nea.g!v. 
>. (qa). N,cfae NC induct. v=Ne‘a.q!v. 
[#120-15.%100°511] D.veNCinduct — 0A (2) 
k.(1). (2). 4+. Prop 
¥126-101. bi. ,veNCind. q! ya. Di pases fa=ve Seay 
[#126°1 . #103-16] 

¥12611. +.QeNCind [*12012.*10112] 
#12612. t:veNCind.>.(» 4,1) tye NCind 


Dem. 
+. #120151. 3t:yveNCind.3.v+,1¢NC induct qd) 
b. #11766. 118-01. 3+: ae Clsinduct.v=Nefa.qiv.d.NeCla>v. 
[¥126-1 120-429] D.NeClaSv+,1. 
[¥108-13,411732] DiqQivt,1) nila. 
[103-12.%60°34] D.ql(vtel)atey (2) 


b. (1). (2). #1261. 5+. Prop 


SECTION oc] ON TYPICALLY INDEFINITE INDUCTIVE CARDINALS 289 


#126121. + .1,2, 3,...eNCind [#1261112] 

This proposition, taken in connection with *120-4232, embodies the con- 
vention named the Rule of Indefinite Numbers and its justification. The 
convention is that 1, 2, 3, ... are always in future to be used in existential 
types. In other words whenever any particular inductive number is employed, 
it is determined in a type in which it isnot A. The justification is that by 
#1261112 such a type can always be found for each particular inductive 
number. 

The convention is also applied to arithmetical formal numbers in 
*126:13-:1415. 

For all arithmetical and equational occurrences this convention is really 
the outcome of IT, IIT, and AT, 


#12613. t:a,8¢eNCind.=.a+,8eNCind 
[#120°71 . *126-1 . *110°3. *103-13] 


#12614, b:a,8¢NCind.>.ax,8eNCind 
[#120°72 . #126-1 . 4113-25 .*103-13] 


#126141. Fi a,8eNCind—-10.2.ax,AeNCind—00 
[#120°721 . #113114] 
*12615. fra,8eNCind.d.a%eNCind [#12078 .#*116-25 . #103-13] 
#126151. bk: a,8eNCind—10.a+1.2.a%—¢ NCind — 00-01 
[¥120°731 . «11635 . #117592] 
#12623. biweNC.gipata.d.qiB@atta.qi(utyl)ntta 


Dem. 
+. *63°661 .*116-72.5 
FiweNC. Bepnt'a.d.ClB er nitta (1) 
F.(1).#117°32.5 
Fk: Hp(1).24#>v.3.qismivatta (2) 
b.*117°661:31. 5+: Hp(1).>.2# Spt) (3) 


F. (1). (2). (8). #100°511.31. Prop 
#12631. biat,leNCind.2.aeNCind [*126:12'13:121 . #120'452] 
Note that the specification of the type of a+,1 is omitted in accordance 
with the convention. The reference to #12612 shows that it is always 
possible to apply the convention. 
#12632, bi aeNC—10—t'A.veNCind.d.a+4+,0 > y [*120°428 . #1103] 
#12633. +:.aeNCind.@eNC—U'A.d:a<P.v.a=B.v.a>B [¥120441] 
#1264. bi.yv,ceNCind.Jip+,.e=1+,0.=.p=9 
[#126713 . #120°41} 
#12641. bs. p,y,o eNCind -w+0.0: 4x, c=vX,o.=.p=p 
(*120°51 . #12614) 
R&W II 19 
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#12642, bs. p,v,0¢NCind.o $0.3: p%=77 =. p=y 
[#120°55 . x1 26-15] 

#12643, bs. p,v,0eNCind.wf0.0¢1.3:0%=0 =. y=7 
[*120°53 . ¥126'15} 

#1265. Fi.p,v,aeNCind.dip+,0>v+,0.5.p > 

Dem. 
F. #117561. Dt: Hp.p>v.d.~4+,0Rr+,0 (1) 
b.ixl264. 0° Dt: Hp.p>v.d.pt otvi,e (2) 
b.(1).(2). #11726. 3+: Ap.p>v.d.ptee>vt,e (3) 
F .¥117°561 . Transp . *117-281.5 
FKiHp.pt+,o >vt,o.d.v(v Sp). 

[¥126-33] Dep>yv (4) 
k.(8).(4). 34. Prop 

#12651. bi. u,n,7eNCind.w+0.3:px, 0 >vxgo.z ep >v 
[#117-571 . #12641] 

The proof proceeds as in *126°5. 

#12652. bs. y,n,eeNCind.o+0.3: 4% >y™ =. p> 
[#117°581 . #126°42] 

#12653. bi.p,y,0eNCind.o+0.041.9:c* >ow’.=.4>v 
[#117°591 . *126-43] 


PART IV 


RELATION-ARITHMETIC 


SUMMARY OF PART Iv 


THE subject to be treated in this Part is a general kind of arithmetic of 
which ordinal arithmetic is a particular application. The form of arithmetic 
to be treated in this Part is applicable to all relations, though its chief 
importance is in regard to such relations as generate series, The analogy 
with cardinal arithmetic is very close, and the reader will find that what 
follows is much facilitated by bearing the analogy in mind. 

The outlines of relation-arithmetic are as follows. We first define a 
relation between relations, which we shall call ordinal stmilarity or likeness, 
and which plays the same part for relations as similarity plays for classes. 
Likeness between P and Q is constituted by the fact that the fields of P and 
Q can be so correlated by a one-one relation that if any two terms have the 
relation P, their correlates have the relation Q, and vice versa. If P and Q 
generate series, we may express this by saying that P and Q are like if their 
fields can be correlated without change of order. Having defined likeness, 
our next step is to define the relation-number of a relation P as the class of 
relations which are like P, just as the cardinal number of a class a is the 
class of classes which are similar to a We then proceed to addition. The 
ordinal sum of two relations P and Q is defined as the relation which holds 
between # and y when # and y have the relation P or the relation Q, or when 
« is a member of C(P and y is a member of C“Q. If P and Q generate series, 
it will be seen that this defines the sum of P and Q as the series resulting 
from adding the Q-series after the end of the P-series. The sum is thus not 
commutative. The sum of the relation-numbers of P and Q is of course the 
relation-number of their sum, provided C‘P and C*Q have no common terms. 

The ordinal product of two relations P and Q is the relation between 
two couples 2 | #, wy, when a, y belong to CP and z, w belong to C*Q and 
either «Py or =y.2Qw. Thus, for example, if the field of P consists of 
lp, 2p, 3p, and the field of Q consists of 1g, 29, the relation P x Q will hold 
from any earlier to any later term of the following series: 

lod tp, 294 1p, lg d 2p, 29 | 2p, lod 3p, 29 J Be. 
It is plain that, denoting the ordinal product of P and Q by P x Q, we have 
CUP x Q)= OP x 09, 
where the second “x” as standing between classes has the meaning defined 
in *113°01. 

Infinite ordinal sums and products will also be defined, but the definitions 

are somewhat complicated. 
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The arithmetic which results from the above definitions satisfies all those 
of the formal laws which are satisfied in ordinal arithmetic, when this is 
not confined to finite ordinals; that is to say, relation-numbers satisfy the 
associative law for addition and for multiplication*, they satisfy the dis- 
tributive law in the shape (where the + and x are those appropriate to 
relation-numbers) 

(B+) xa=(B xa)t(yx a), 
and they satisfy the exponential laws 
of x aY=abty, 
(@y = 0%, 
They do not in general satisfy the commutative law either in addition or in 
multiplication, nor do they satisfy the distributive law in the form 


ax(B+y)=(xB)+(axy), 
nor the exponential law 
a’ x BY=(ax 8)”. 
But in the particular case in which the relations concerned are finite serial 
relations, the corresponding relation-numbers do satisfy these additional 
formal laws; hence the arithmetic of finite ordinals is exactly analogous 
to that of inductive cardinals (cf. Part V, Section E). 


If the relations concerned are limited to well-ordered relations, relation- 
arithmetic becomes ordinal arithmetic as developed by Cantor; but many 
of Cantor’s propositions, as we shall see in this Part, do not require the 
limitation to well-ordered relations. 


* For the associative law of multiplication, a hypothesis is required as to the kind of relation 
concerned. Of, +174:241:25. 


SECTION A 


ORDINAL SIMILARITY AND RELATION-NUMBERS 
Summary of Section A. 


Two series generated by the relations P and Q respectively are said to be 
ordinally similar when their terms can be correlated as they stand, without 


bea 
. e . . —_—_— P=slals 


Ss Qa Sy 

change of order. In the accompanying figure, the relation § correlates the 
members of C‘P and C“Q in such a way that if «Py, then (8*x) Q(S*y), and 
if zQw, then (S‘z) P (S‘w). It is evident that the journey from # to y 
(where xPy) may, in such a case, be taken by going first to S‘x, thence 
to Sy, and thence back to y, so that aPy.=.2(S|Q|S)y, te. P=S|Q|8. 
Hence to say that P and Q are ordinally similar is equivalent to saying that 
there is a one-one relation S which has (“Q for its converse domain and gives 
P=8|Q|S. In this case we call S a correlator of Q and P. 

We denote the relation of ordinal similarity by “smor,” which is short for 
“similar ordinally.” Thus 

PsmorQ.= .(qS). Sel71.CQ=A8S.P=8/Q|8. 

It will be found that the relation S| Q| 8 plays the same part in relation 
to Q in relation-arithmetic as S“8 plays in relation to @ in cardinal 
arithmetic. 1t is therefore desirable to have a simpler notation for S|Q|S. 
We put 

SiQ=S|Q|S DF 
We shall find that the semi-colon so defined has the same kind of properties 


in relation-arithmetic as the two inverted commas have in cardinal arithmetic. 
Corresponding to the notation S.‘8, we put 


StQ=S|Q|S Dt. 
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We shall thus have St=S|| 8. It will appear that St has ordinal properties 


analogous to the cardinal properties of S,. Thus e.g. where Sj|.S, appears as 
a cardinal correlator, S||Cnv‘St will appear as an ordinal correlator (in each 
case with the converse domain suitably limited). 


The elementary properties of S3Q will be considered in #150. We shall 
then, in *151, be able to study ordinal similarity, taking as our definition of 
an ordinal correlator 


Pamor Q=8 {Sel 31.CQ=0'S.P=85Q} Df, 
and defining two relations as ordinally similar when they have at least one 
ordinal correlator, i.e. putting (on the analogy of *73) 


smor= PQ (q1PamorQ} Df 


There is no need to confine the notion of ordinal similarity (or likeness, 
as we shall also call it) to serial relations. When two relations have ordinal 
similarity, their internal structures are analogous, and they therefore have 
many common properties. Whenever similarity has been proved between 
two classes a and 8, then if @ is given as the field of some relation Q, and S 
is the correlating relation, S'Q is like Q, and has a for its field. Hence 
similar classes are the fields of like relations. It must not be supposed, 
however, that like relations are coextensive with relations whose fields are 
similar. This does not hold even when we confine durselves to serial relations, 
except in the special case of finite serial relations. 


The definition of relation-numbers (*152) is as follows: The relation- 
number of P, which we call Nr‘P, is the class of relations which are ordinally 
similar to P; and the class of relation-numbers, which we denote by NR, is 
the class of all classes of the form Nr‘P. The elementary properties of 
relation-numbers, treated in #152, are closely analogous to those of cardinal 
numbers treated in *100. 


After a few propositions about the ordinal 0 and the ordinal 2, which we 
call 0, and 2, (#153), we pass to the consideration of relation-numbers of 
various types. It will be observed that “smor,” like “sm,” is a relation 
which is ambiguous as to the type both of its domain and of its converse 
domain. Thus “PsmorQ” only has an unambiguous meaning when the 
types of P and Q are determined. P and Q may or may not be of the same 
type; the only restriction upon the type of either is that both must be 
“homogeneous” relations, i.e. relations whose domain and converse domain 
are of the same type. This restriction results from the fact that C‘Q occurs 
in the definition of “ P smor Q,” and a relation does not have a field unless it 
is homogeneous; hence Q must be homogeneous, and therefore, whatever 


S may be, 8|Q|S must be homogeneous, te. P must be homogeneous. Thus 
¢g. such relations as D, t, or ¢ are not ordinally similar either to themselves 
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or to anything else. Whenever “PsmorQ” is significant for a suitable Q, 
we have PsmorP; but if P is not homogeneous, “PsmorQ” is never 
significant. Hence throughout the theory of ordinal similarity, the relations 
of which ordinal similarity is affirmed or denied must be homogeneous. The 
correlators, on the contrary, need not be homogeneous. 


Owing to the homogeneity of our relations, the types of relation-numbers 
are much more easily dealt with than they otherwise would be; for the type 
of a homogeneous relation is determined by that of a single class, namely its 
field, whereas the type of a relation in general depends upon the types of two 
classes, namely its domain and its converse domain. Since, where likeness is . 
concerned, the type of the field determines the type of the relation, proposi- 
tions concerning the relations between different typical determinations of a 
given relation-number are, for the most part, exactly analogous to and 
deducible from those for cardinals. In fact, a relation ordinally similar to Q 
exists in the type of P when, and only when, a class similar to C*Q exists in 
the type of C*P, ie. 

qiNr(P)Q.=.q!Ne(CP) Cg. 

The half of this proposition follows from the fact that, if P is like Q, O'P is 
similar to C‘Q, The other half follows from the fact, mentioned above, that 
if @=C‘Q and asm, then there is a relation like Q and having a for its 
field. Now if @ belongs to the type of OP, any relation having « for its field 
is contained in tC“P f t,C‘P. Hence in the case supposed there is a relation 
like Q and contained in ¢‘C‘P T%‘C‘P. But the relations contained in 
t,°C*P  toC'P constitute ¢P. Hence there is a relation which is like Q and 
is a member of ¢“P, whence our proposition results. By means of this propo- 
sition and those of *102—6, the properties of relation-numbers with respect 
to types follow easily. The conventions IT, IIT and AT apply to relation- 
numbers as to cardinals; they are to be applied in the same way as in the 
analogous propositions of Part IIT, Section A. 


#150. INTERNAL TRANSFORMATION OF A RELATION 
Summary of #150. 


In this number we introduce two notations which have uses in regard to 
relations closely analogous to the uses of R‘‘a and Re in regard to classes. 
These two notations are defined as follows: 


S3Q=S|Q|S De, 

StQ=S|Q\8_ De 
We then have b.St$Q=S3Q=S8|QiS=(SIS)Q. 
StQ is merely an alternative to 93Q, just as Re‘a is an alternative to RMa. 
Also St =81/8, in virtue of #38-01 and #43-01. 


The uses of 85Q occur chiefly when S is a one-one relation and CQ C G'S, 
This case is illustrated in the figure in the introduction to this section. Here 
if Q relates x and y, S3Q relates S‘z and Sty. Thus given a class a similar to 
C*Q, if S is the correlating relation, SiQ has a for its field, and has, in very 
many respects, properties analogous to those of Q. 

S3Q is important for many special values of S. For example, let Q be a 
relation between relations; then CQ will be the corresponding relation of the 
fields of these relations. If Q be any relation, | x#Q will be the corresponding 
relation between ordered couples of which « is the relatum; we. if yQz, the 
relation | #3Q will hold between y | and zJa. If Qis a relation between 
classes, and we have @Qy, then the relation 2u3Q will hold between av @ 
and awry. In short, whenever S is a one-many relation, and therefore gives 
rise to a descriptive function, then S?Q is the relation which holds between ~ 
S‘y and S‘z whenever @ holds between y and z. 


We introduce one other new notation in this number, corresponding to 

acy in «88. This notation is thus defined: 
Qfy=Fyi@ DF 
The purpose of this notation is to enable us to proceed to Q? +P and other 
? 
similar notations; or, otherwise stated, to enable us to treat 9 y3Q as a function 
of y rather than of Q. Take for example the case of x | >Q. We may wish to 
consider various relations # | §Q, y | 3Q, where we are to have (say) #Py. To 
express the relation of x | 3Q to y | *Q resulting from «Py, we need the above 
notation. By its help, we have 
2 L3Q=Q ey LIQ=OLy. 

Hence aPy.=. (Qt ‘2)(Q £3?) (Q t *y). 


SECTION Aj INTERNAL TRANSFORMATION OF A RELATION 299 


Thus Q45P is the relation between «| 3Q and y | iQ corresponding to the 
relation P between « and y. Qt +P plays the same part in relation-arithmetic 
as is played by a “8 in cardinal arithmetic. 

The notations of this number are capable of occasional uses in cardinal 
arithmetic*, but their chief utility is in relation-arithmetic, in which they 
are fundamental. 

In order to minimize the use of brackets, we put 

RAS3Q = R4(85Q) DE, 
BS3Q = R83Q) Df. 

As an immediate result of the definition of S3Q, we have 
#15011. br 2(S5Q)y.=.(qz,w). 082. ySw.zQw 

We have also 


#15012. +. Cnv'S3Q=959 
#15013. +. RiS3Q=(R|S)3Q 

This proposition, which is the analogue of (P| Q) y= P“Q*y (*37'33), 
is very often used. We have also 
#1503. | .S5(QuU R)=S3Qu SiR 
#15042, +.S5ASA 

The remaining propositions of this number (with a few exceptions) may 
be thus classified : 

(1) Propositions concerning the domain, converse domain, and field of 
SiQ (*150-2—-23). Owing to the fact that the chief applications of this 
subject are to cases where Q and SQ are serial, the jield of SQ is more 
important than its domain or converse domain. Thus the chief propositions 
here are 
#15022. 1: C°QC A'S. 3. 05SiQ = SOQ 
#16023, +: 0°Q='S.39.C°S5Q=D‘S 

The hypothesis C°Q.C C‘S is verified in almost all applications of SQ. 
When it is not verified, the part of C‘Q not contained in ‘8 is irrelevant to 
the value of S3Q, The hypothesis CQ = ‘8 is very often verified in practice, 
since it is verified when S is a correlator of S3Q and Q. 

(2) Propositions concerning relations with limited domains, converse 
domains, or fields (#150'32—38), Broadly speaking, a limitation on the 
field of Q is equivalent to a limitation on the converse domain of S, and both 
are equivalent to a corresponding limitation on the field of SiQ provided 


* E.g. in +116-53 and following propositions, where the notation S{ was introduced by a 
temporary definition. 
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SeCls—rl. The limitations that occur in practice are limitations on the 
converse domain of S, with consequent limitations on the fields of Q and S3Q. 


The chief propositions on this subject are 
#150°32. +. (SP CQ)3Q= SQ 
#15035. bs. ye C'Q.D,. Ry =Sy:d.RIQ=SiQ 

(This follows from *150°32 and #3571.) 
#15036. +.(SP8)iQ=S83(QT 8) 
#15037. F:SeCls—+1.3.95(Q0 8) =(SiQ)[ SB = (STA)IQ= (88) 1SH3Q 

(3) Propositions on SiQ when S is one-many or many-one (#150°4—56). 
We have 
#1504. bs. Sel—aCls.d:2(S3Q)y.=.(qz,w) 2=Sz.y=Sw. zQu 

This proposition is used constantly. Only slightly less useful is 
#15041. bs. SeCls—1.3:0(S3Q)y. =. (Sa) Q(Sy) 

The remaining propositions of this set are chiefly applications of *150°4'41 
to special cases. 

(4) A few propositions on Qs y (*150°6—62). These are immediate 
consequences of the definition. 

(5) A set of propositions on couples and matters connected with them 
(*150°7—'75). The chief of these is 
#15071. ':Sel—Cls.z,weA'S.3.Si(2] w) = (Sz) | (Sw) 

This proposition is very often used in relation-arithmetic. Useful also is 
#15073. +. Si(a ft B)=S“at S“B 

(6) We next have four propositions (#150-8—83) on SiP when P is a 
power of Q. These belong with the propositions of #92; they are useful in 
the ordinal theory of finite and infinite. We have 
#1508283. + :. SeClso1:D°QCA‘S.v.a‘Qca‘s: 3. 

Pot'S5Q = St Pot'Q . (S7Q)po= S3Qp0 

: It follows that, in the hypothesis supposed, if S is a correlator of P and Q, 
it is also a correlator of P,, and Qyo- 


(7) Propositions concerning the relation S+(#15014—-171 and *150-:9— 
*94). These have uses analogous to those of propositions concerning S,. The 
most important are 


#15014. +. Rt| St =(R|S8)t 

(This follows immediately from *150°13, above.) 
#150141. +. St= 8) 5 

(This follows immediately from the definition.) 
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¥15016, +. SRE = Rt (8A) = RID 
This proposition is analogous to s‘R‘‘« = R“s‘« (%40°38), ze. to 
SRM _ Rfs‘« = Rs‘, 
as appears on substituting § and Rt for s and A, in this variant of 40°38, 


The remaining propositions are mainly of the nature of lemmas, to be used 
once or twice each in relation-arithmetic. 


*15001. S3Q=S/Q\S Df 
¥15002. StQ=S|Q|S Df 
#150°08. QSy=FyQ Df 
Here, as in «88, “?” stands for any sign which, when placed between 


two letters, defines a descriptive function of the arguments represented by 
those letters. Thus for example “?” may represent any of the following: 


a¥yayaybLiRnntd 
The two following definitions serve merely for the avoidance of brackets. 
#15004, R'SQ= RSQ) Df 
#15005. RiS5Q = R3(S9Q) Df 
#1501, +. S3Q—8|Q/3~ (811 5"Q= St 0-89 
[43-112 . 438-11 . (4€150-01-02)] 
#15011. ber a(SQ)y.=.(qz,w).o8z.ySw.2Qw [341.3111] 


#10012, +. Cnv‘SiQ= S3Q [434-2 . 431-33] 
#15013. +. BSQ=(R| SQ 
Dem. 
b. #1501. (415005). Db. BIS3Q = RS| Q|S) 
[#1501] = R|S|Q{S|R 
[434-2] = R|8|Q|Cnv(R|8) 
[#1501] =(R{8)iQ. Db. Prop 
4150131. +. (RIS¥Q = RS! RQ 
Dem. 


+. #15013. D+. BS|R¥Q=(R| S| RYQ 
[%150°1} =(B8)}3Q. D+. Prop 
Observe that we do not have (R3S)3Q = Ri(SQ). 
#15014, +. Rt|St=(R|S)t 


Dem. 
b.€150'113. DF. RESHQ =(R| S)tQ (1) 
F.(1). 43442. 54. Prop 

This proposition is the relational analogue of #37°34. 
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#150141. F.St+=S||S — [*150°1. *80°41] 
415015. +. Stel—>Cls [#7214] 
#150151. b:.(z). E182: SeCls1:>.Stel—l  [¥74-772 . #150141] 
The following proposition is used in the theory of double ordinal similarity 
(«164'18). 
#150152. F: Sf s'C Ae Cla 1. SOX CAS. 3. (St)Prelol 
Dem. : 
b. a74775 aR 
bz: SfstOreCls—1.sDACAS. sSAACAS.D. 
(S|S)Pael>1 (1) 
F.(1). 40°57 . #150141 . DF. Prop 


#150153. F :. SP s'O eCls— 1. s'O"X COS. Q, Red. 
SiQ=SIR.D.Q=R 


Dem. 
F. #150152. #7155. 5h: Hp.d:S#Q=SHR.D.Q=R: 
[*150°1} 3:9Q=GR.I.Q=R:.5+. Prop 


The above proposition is used in dealing with relations of relations of 
couples (*165'23). 


Ss 
The following proposition is a lemma for *#150°171. 
#15017. F.(REA)F=Rt|Pa 
Dem. 


#15016. f. 5 BH = RES) = Bsr [ #943 igi 501414 | 


b. #1501. D+. (RPAH P=(RPA)| P|1R) 


[485°354] =R|A{PPA|R 
[#150°1.#36-11] =Rt(PEA) 
[438-11] = RMEMP @) 


F.(1). #3442. . Prop 
#150171. +: sO“C'Q CA. D. (REAPQ= RQ -[rMQ=Q 
Dem. 
b. #1501713. D+ .(RPA)HQ = RE AQ (1) 
b.¥l5O11. Dh: M(ENQ)N.=.(qS,7).M=SEX.N=TEX.SQT (2) 
F.x3317.  Db:SQ7T.D.S,TeCQ. 


[*37°62] D.OS, OT e OKO". 
[¥40°13] D. OSC OKO". OTC sO" OE (8) 
F.(3). Db: Hp.d:8Q7.D.C5S CX. CTC. 

[%86-25] D.Spra=S.Tpva=T (4) 
F.(2).(4). Db: Hp. 3: M(E MQ) N.=.(q5, 7). M=S.N=T7.SQT. 
[¥13-22] =.MQT: 

[#2143] D:PUQ=eq (5) 


F.(1).(5). D4. Prop 
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_ The above proposition is required in the theory of double ordinal 
similarity. It is used in proving «164141, which is used in *164'18, which 
is a fundamental proposition in the theory of double ordinal similarity. 


The following propositions, on the domain, converse domain and field of 
SQ, are much used, especially *150°202'2223. #150-201 is hardly ever used, 
but is inserted in order that the general case may not remain unconsidered, 
#1502. +. DISQ = SHQHAIS. CISQ=SQUAS [48792 #1501] 
#150201. +. C“SIQ = 8*(Qu Q)*C4S = D*S(Qu Q) 

Dem. 

F.¥150°2 . #87:22. 3+. OS'Q = S(Q“A‘S v Q“ass) 

[¥37-221] = S(Qu Qeass 

[150-2] =D‘Si(QuQ).2+. Prop 
#150°202. +. D‘S5Q C S“D‘Q.. A5S3Q CS*A'Q. OQ CSOD 

Dem. 

F.a871516. DF. QeasCDQ. Qrascag. 


[#37°2.4150°2] DF. D6SeQ C S*D*Q. ASQ C SAQ (@9) 
[*37-22] Dk. COQ Cc S“og (2) 
k.(1).(2). Ib. Prop 

#150203. +. 06S3Q. C D‘S [#150°202 . #87°15] 


#15021, F:O°QCAS.D.D‘SiQ=S“DQ=D(S|Q)  [*150-2 . ¥87-27-32] 


#150211, : D‘QC AS. 3.0'SQ=S"A'Q=D(S| Q 
[#150°2 . *37°271°32] 
#15022. F: C'QCAS.D.C1S3Q=S"CQ  [#150'21-211 . *37-22] 

In practice, when S5Q is used, we almost always have C‘Q C ‘8. For the 
use of SQ is to obtain a relation analogous to Q and having a different field; 
now SQ is analogous to Qf AS, for the part of CQ which lies outside (‘8 is 
unaffected by S. Hence if we have, to start with, a relation Q whose field is 
not contained in (‘S, we shall usually find it profitable to limit the field to 
C‘S, and consider the transformed relation rather as S(Q[ C‘S) than as SQ. 
Thus the hypothesis C‘Q C C‘S will be verified in almost all useful applications 
of the notion of S5Q. 


4150-23. ':C'Q=C'S.5.CSIQ=DsS [415022 . #3725) 
#15024 bi. OQCAS.3:q19Q.=5.0!19 
Dem. 
b .¥37-43 .#150°22.3+:.Hp.d:qiCiSQ.=.q!CQ: 
[*33-24] D:q!SQ.=.0!1Q:. D+. Prop 
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#15025. b:.(y) Et Sy. D:G!S3Q.=-1Q [4150-24 33-431] 


*1503. +.S(QuR)=SiIQuGR [#34-25-26 . *150°1] 
#150301. +. S3(Q A R) G (S3Q) A (SIR) [#84/23:24 . #1501] 
#15081. 1: PGQ.RES.D.BPESQ [#3434 . #15071] 


The following propositions are frequently useful when we have to deal with 
correlators of the form Sf C*Q, which often happens. 


8, 8, CQ, CQ 


#16032, F.(SPC'Q)IQ = SQ [+1905 ka 4 


. 150141 | 
ee a. 5 
#15033. F:C'QCB.D.(SPR)Q=SIQ | *43°5 QR* #150141 
#15084. Fi DQCa.AQCR.D.SfalQ|/818= Sia Qt B= SQ 
[a43'5 . 485-354. ¥150°141-1] 
#15035, bi.yeC'Q. Dy. Ry =S'yid. BiQ=SiQ 
Dem. 
b.x35°71.Db:Hp.d. RP CQ=SPog. 
[¥3427-28.4150°1} >. (RECQQ=(SP CQ. 
[*150°32] >. BiQ=5Q:3+. Prop 
The above proposition, which is the analogue of *37'69, is much used in 
relation-arithmetic, 


The following proposition is much used after we reach the theory of well- 
ordered series, but not befure (except in *150°37). 


#15036. |. (ST 6} Q= SQL 8) 


Dem. 
b. #15011 . *35°101.5 
Fra{(SP YQ} w.=.(qy,z). eSy.yeB.yQz.zeB.wS8z. 
[436-13] =.(qy, 2). oSy.y (QP 8)2.wS8z. 
[%150°11] =. 2{S(QE Bw: Dt. Prop 


#150361. | .(a1S¥Q=(SiQ)E a [Proof as in #15036] 
#18037. F:SeCls—+1.3.S5(QE 6) =(SQ)E SB 
aah = (St BQ = (8B) 1 SQ 


b.a74141 Dt: Hp.d. (SP BQ = {(SB) 1 SHIQ () 
F.(1).#150'36°361.5 +. Prop 


The above proposition is not used until we reach the theory of series. 
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¥15038, :Sel1+1.3.S1S3}Q=QED‘S 


Dem. 
F. «150-1. Dr. SHQ=S|8|QiS|S (ly 
F.(1).#7259'591.9b: Hp. >. S393Q=(D'S)1 QP D‘S 
[¥36-11] =QE D‘S:D+. Prop 


The above proposition is used in dealing with the correlation of series 
(208'2), 

*1504 Fi. Sel Cle. dD: a(SiQ)y. =. (qz,w)- c=S2.y=Sw. 2Qw 
[*150°11 . ¥71-36] 

This proposition is fundamental in the theory of SiQ, because in most of 
the uges of this notion S is one-many. The proposition states that when S is 
one-many, SQ is the relation between the S’s of terms related by @. Thus 
if S is the relation of wife to husband, and @ is the relation of brother to 
brother, S3Q is the relation between wives of brothers. If @ is a relation 
between relations, C3P will be the corresponding relation of their fields; 
and so on. 

#16041. f:.SeCls—1.3:2¢(SiQ)y.=- (82) Qwsy) (¥150°11 . *71:331] 
#15042. +. SAHA [4150-1 . #3432] 

The following propositions, down to *150°56, are, with the exception of 

*150°52—535, all illustrations of #150°4°41. 

>. > => 
#1506. Fra(RiP)@.=. (quay) a=Ra.B=Ry.02Py 
#15061. F:a(DiR)8.=.(qP,Q).¢=D'P.8=DQ.PRQ 
#150511. F:a(@iR)8.=.(qP,Q).a=AP.p=dQ.PRQ 
#160512. F:a(CiR)8.=.(qP,Q).a=CR.B=C'Q. PRQ 
¥15052. bs0(FiR)y.=.(qP,Q).c2eOP. ye CQ. PRQ 


[#1 50-11. 43351] 
F5R is a relation which plays a great part in relation-arithmetic. 
#15053. +.J35P=P [*50°4] 
#150531. +. Pil = P|P [430°4] 
#160532. +. P35Q = PQ [*150°13 . #504] 
#150534. b.(ZP OPP =P [*150'53-32] 


#150585. b: CP Ca.d.(IfaiP=P [x15053°33] 

#15054. Fra(GR)B.=. (0a) R(B) 

#150041. bs 0(GR)y. =. (ue) R(v'y) 

#15055. £:Q( LP) R.=.(que)-Q=ulz.R=vl2.uPv 
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#15056. +: M(StHQ)N.=.(qX,V).XQY.M=GX.N=SiY 
[#1504151] 

#1506. +.P g y=fyP  [(*150°08)] 

#150°601. F. Pre 1—»Cls [#150°6 . «14:21 . #71166] 

#15061. bi2(PSy)w.= (qu) 2=uhy.w=vfy.uPy 
[150°11 . 488-101 , #150°6] 

#15062. F: R(PZiQ)S. =.(qz,w).R=$3P.S=2wiP.zQw 
[*150-4601-6] 

Relations of the form PQ are frequently useful in relation-arithmetic, 
especially in the particular case of P 4 3Q, which takes the place taken by 
a 4 ‘8 in cardinal arithmetic. Relations of the form P 4 5Q will be considered 
in *165. 

The following propositions are chiefly concerned with correlations of 


couples. They are of great utility in relation-arithmetic. 150-71, in 
particular, is fundamental. 


¥1507.  F. Si(e | w)= Ste f Stew [55-6] 
#15071. F:Sel—+Cls.z,weM'S.D.S(2 | w) =(S'2) | (Sw)  [¥55-61] 
«15072. bi:ztw.S=elzvylw.d.Si(zlwy=ely [%55°62°61] 
415073. +. Saf 8)=Sat SB [#2782 | 
415074, F. (Su T)IQ=SiQu TQv S|QiTv TQS [¥150-1] 


#15075. Fin (yQy).D. (Sve | y)iQ=SiQu S*QYy teu ite f SOY 
Dem, 
b.*1501.3F:Hp.d.(@ly)iQa=A. 


[415074] D. Seely iQ=SiQuS|QlyLevel yiQis 
> = 
[%55°57°571] =SiQu SQty tT uwu iat S“Q'y: D+. Prop 


The four following propositions belong to the subject of *92, but could 
not be given in that number owing to the fact that they involve the notations 
of #150. They are required for proving that, if S is a correlator of P and Q, 
it is also a correlator of P,, and Q,, (#151'45), and for one of the fundamental 
propositions in the ordinal theory of progressions (+263°17). 

*1508.  F:.SeCls—+1:DQCAS.v.d'QCA‘S: Pe Pot'Q:D. 
S5P ¢ Pot(S3Q) . (SiP)|($3Q) = SH(P|Q) 

Dem. 

F.*91'351. Dt .S5Q Pot(SiQ) QQ) 


b.x1501. - DF .(S5P)|(S3Q)=S8|P|S|SiQ|8 (2) 
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F.(2).#71191. Dh: Hp.d.(S5P)|(S3Q)=S|PlIPAS|Q|S (8) 
bk. «50°63 DE:DQCas.d.IPaAS|Q=Q (4) 
b. #5062 .#91-:271, Db: Pe Pot'Q.0'QCAS.>.P\IPAS=P (5) 


F.(8).(4).(5). Dk: Hp. Pe Pot'Q. >. (S3P)|(SiQ)=S|P[Q\S 


[150-1] =Si(P|Q) (6) 
F. 491-282. Dh: S3P ¢PotSiQ.D.(GIP)|(SIQ)ePot'S3Q (7) 
F .(6). (7) Di. Hp. Pe Pot'Q.D:8iPPot'SiQ.>. 

vara SP[QePow'siQ —@) 
F. (1). (8). #91373 weer te > 


Ft. Hp.3: Pe Pot'@. Dp. S3P ¢ Pot(SiQ) (9) 

F.(6).(9). DF. Prop 

#15081. F:.SeCl—+1:DQCCS.v.1'QCUS: Te PotSiQ: D. 
(qP). Pe Pot'Q. T=SiP 


Dem. 
F.#91'351. 34+. (qP). Pe Pot'Q. S3Q=SiP (@) 
F.*150°8. DF: Hp. Pe Pot'Q. T=SiP.D.7| (SQ) =Si(P|Q). 
[¥91-282] D.(qR). RePot'Q. T|\(SiQ)=S3R (2) 


F.(2).#10-23.3 
Fi.Hp.3:(qP).PePot'Q.7T=SiP.3. 

(qR). Re Pot'Q. T|(S3Q)=S5R (3) 
F.(1).(3).891-171 Se pat) Pe Ferg Pa SP 


+: Hp. Ve Pot'83Q.3.(qP). Pe Pot'Q. T=SiP: D+. Prop 
#15082, F:. SeCls—»1: D‘QC A'S. v.d*QCA'S: D. Pot'S3Q=St*Pot*Q 


Dem. 
+. #150881. 
F:Hp.>. Pot'SiQ= ? (qP). Pe Pot'Q. T=SiP} 
[150-1] = StPot'Q: 3+. Prop 


#15083, + :.SeCls—>1:D'QCAS.v. OQ COS: 3. (S5Q)p0=SiQpo 
Dem. 
b . #15082 . (491-05). DF: Hp. D. (S3Q)p. = HST “Pot 
[%150°16.(4%91-05)] =S3Qp. > +. Prop 
The following propositions, down to *150-94 inclusive, resume the subject 
of the relation St, which has already been treated in *150'14—171. 


#1509. F.(It)3Q=Q 


Dem. 
F.#15056.5b: MUItiQ)N.=.(qX,Y). XQOY.M=IiX.Ne=IiY. 
[*150°53] =.(qX,Y).XQY.M=X.N=Y. 
[#1322] =.MQY:5t. Prop 


20—2 
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The following propositions lead up to *150°931-94, which are used in the 
theory of double ordinal similarity (*164°3-21). 
#15001. b:5°C“O"QCa.D.(fatiq=Q 
Dem. 
b,¥150585. Dh:Hp.d:XeCQ.d.(paiX=aX (1) 
F. (1). #15056. Dt: Hp.d: 
M {Uf a)tiQ) N.=.(q X,Y). XQOY.M=X.N=Y. 
[¥13°22] =.MQN:.3+. Prop 
#15092. F: Se Cls—+1.s'O“OQCAS.3.8ti8tiQ=Q 
Dem. v v 
F.#1501314. DIE.STISTIQO=(S/S)T3IQ () 
F.(1). «71191. 3b: Hp. Dd. StiStiQ = (IP TS) t5Q 
[#15091] =@Q:DF. Prop 
#150°921. +: Se1—Cls.s'O“C*PCD‘S.3. SHStiP= P 
#150938. fi. Sel—+1.s'C“OP CDS. sCCOQCAS.9: 
P=S8tiQ.=.Q=StiP [15092921] 
#150931. bs sO“ OQ CAS. 3. OK CSTIQ =S “OMOD 


Dem. 
b.%15022. DE.CSTIQ=STt OOD (1) 
F.#150-221.3+:.Hp.3:MeCQ.3.0StM=8°OM: 
[4376811] Ds CHSTMOED = Sef OOD (2) 


F.(1).(2). 4. Prop 
#150932. Fs sSC*CQC A'S. 3. sO CISHQ = SSCOKOQ 

[150-981 .#87°11 . #4038] 
#150°933. Fs sSCOC'QC A'S. 3. sO" C'SH5Q CDS [#150932 .437:15] 
#15094. bi. Sell. 3:sCHOQCads. P=SpQ.=. 

sO“OP CDS. Q= SP 
Dem. 
F.#150°933. Dh: sCK“C*QOCAS. P=StiQ.s. 
CHOP CDS. CHOQCAS.P=SHQ (1) 


+. 4150983 8. 3b sC"OP CD'S. Q=SHP. =. 


8 

sC“OP CD'S. §O“OQCAS.Q=SHP (2 
b. 15098 . *5°32.> 2 4 
bs. Sel. D:8C*OP CDS. sO*C'QCAS. P=SHQ.=. 


CHOP CDS. CHOC HS. Q=SHP (3) 
b.(1). (2). (8). DF. Prop 
The above proposition is the analogue of *74°61, which (with a few trivial 
transformations) may be written 


bs. Sell. D:9A CHS. c= SeX. 5. se CDS. X= (Sele, 
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Tn obtaining ordinal analogues of such propositions, S. will be replaced by 
St, and the two inverted commas will be replaced by the semi-colon; a class 
of classes « will be replaced, in most of its occurrences, by a relation of 
relations P, but will sometimes be replaced by CCP. 

The above proposition (#150°94) is used in proving that the converse of a 
double correlator of P and Q is a double correlator of Q and P (#16421). 
The corresponding cardinal proposition (#111:131) uses *74°6, which is 
practically the same proposition as *7461, which is the analogue of *150-94, 
*15095. b:ORCCla.d. (Sai R= SR 

Dem. 

b.437°421.3Dh:Hp.d:GeCR.D.(Sfa)B=S*B. 
[37°11] D.(Sfa)(B= SB (1) 
F. (1). #15035. 3+. Prop 

The above proposition is used in the theory of “first differences” 
(#1 70°41). 

#15096. Fs CX CCS.D.DU TI Shas ZPD 

Dem. 

F.¥15051. 3b: a {DTI S)Pays.=. 
(qM,N).NeX.M=T|N|S.a=D‘M.B=D‘N (1) 

F.#4113.3b:.Hp.3:Ners.>. GNC. 

[*37°321] 2.D(N|S)=D‘N. 

[*37°32] >. D(f! N\S)= TDN (2) 

F. (1). (2). «876.3 

tr Hp. Dd:a{D(T|IS)Pa} B.=-heD'r.a= TB. 

[37-101] .a(Lef D&A) Bz. DF. Prop 

#150961. F.8(U || Wepr=(Ul| W)p sen 


Will 


Dem. 
+ .#150-4. Db: BR ((U || Weta} S.=.(q8)- Ber.8 =i 8. R=KUL WIE. 
[¥43-43] =.(q8).Ber.S=H# 8. R=(Ul| WIR. 
[*13°193.%37°6] =. Ses. R=(U || W'S: D+. Prop 


The above proposition is used in the theory of ordinal exponentiation 
(*176-21), 


#151, ORDINAL SIMILARITY 
Summary of *151. 


In this number, we give the definition of ordinal similarity, and various 
equivalent forms; we prove that ordinal similarity is reflexive (#151'13), 
symmetrical (#151°14) and transitive (#151'15), and we give some particular 
cases of ordinal similarity (*151°6 ff.). Propositions in this number should be 
compared with those in *73, to which they are analogous, 

The class of ordinal correlators of P and Q is written PsmorQ, where 
“smor” stands for “similar ordinally.” We put 


Pamor Q=8 (Sel +1.0Q= A'S. P=H3Q} De. 
(We might equally well put 
— — 
Pamor Q=(l>1)naC'QntQP Df, 
which is an equivalent but more condensed form of the definition.) We then 


define “P is ordinally similar to Q” as meaning that there is at least one 
ordinal correlator of P and Q, te. 


smor = PO (q! P amor Q) Dé 
We shall find that if P and Q generate well-ordered series, they have at 


most one correlator (*250°6), but this does not hold in general for other 
series, 


After giving the elementary properties of ordinal similarity, we have 
three important propositions on its connection with cardinal similarity, 
namely: (*151:18) if P is similar to Q, the field of P is similar to the 
field of Q (the converse does not hold in general, but holds if P and Q are 
finite serial relations); (#151°19) if C‘P is similar to CQ, there is a relation 
R similar to Q and having C*P for its field, and vice versa; (151/191) S is 
an ordinal correlator of P and @ when, and only when, it is a cardinal 
correlator of C‘P and C*Q and P=S5Q. 


We then have a set of propositions on correlators of the form Sf CQ 
(*151:2—-243). Most of the correlators with which we shall be concerned 
are of this form. The most useful proposition here is 
#15122, F:SPCQela1.CQCAS. P=SiQ.=.Sf CQe Psmor Q 

A useful consequence of this proposition is 
#151-231. Fs. (y). E!Sy:SPCQel3a1.P=SiQ:3.8PC'QePsmorQ 

This consequence is useful because the hypothesis (y). E! S‘y is satisfied 
by most of the relations which occur as correlators. 
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We have next a number of propositions on the inferribility of Q= SP or 


QESP from P=S5Q or PGSiQ, and connected matters (*151'25—29), 
We have 


#15125. ':SeCls+1.CQCAS. P=SiQ.>.Q=S5P 
415126. fs. SeCls+1. OQ CU'S.3:PESQ.D.SPEQ: 
SQEP.D.QESP 


#16129. Fs. PsmorQ.=:(qS):@Py. zy (S*@) Q(8*y) H 
2Qw - Dz, » (S%) P (Sw) 

#*151°29 is never used, but is inserted in order to show that our definition 
of “ordinal similarity” agrees with what is commonly understood by that 
term. If P and @ are regarded as serial, so that “«Py” means “x precedes 
y in the P-series,” and “zQw” means “z precedes w in the Q-series,” then 
our proposition states that two series are ordinally similar when their terms 
can be so correlated that predecessors in either are correlated with predecessors 
in the other, and successors with successors, 7.e. when the two series can be 
correlated without change of order. 

We have next («151'31—'52) a set of miscellaneous propositions, of which 
the most useful are 
#151401. b: TP} C*Pe X smoot P. TT C'Qe Ysmor Q.Se PsmorQ.>. 

TS ¢ Xsmor Y 
> => 
#1615. Fr S[PCQePsmor Q.>.D‘P=S"“D‘Q.0'P=S8"A'Q. BEP=S8" BQ. 
sy ae 
BYP= S“BQ 

#151401 will be useful in such cases as the following: Let P and Q be 
relations between relations, then DiP and DiQ will be the corresponding 
relations of their domains. Suppose DP C*P, Df C'Qe1—1. Then, by 
*151-401, if S is a correlator of P and Q, DiS is a correlator of DiP 
and, DQ. 

*151'5 shows that if S is a correlator of P and Q, it correlates D‘P with 

> > >y —y 
D‘Q, A‘P with A‘Q, BYP with BQ, and BYP with BQ. 

Our next set of propositions (*151-58—'59) is concerned with the correla- 
tion of powers of P and Q and kindred matters. We show (*151'55) that a 
correlator of P and Q is also a correlator of P,, and Q,,, and therefore if P 
and Q are similar, so are P,, and Qo (#151'56); we show also (#151'59) that 
if P and Q are similar, so are P, and Q,. These propositions are used in the 
theory of progressions (*263°17). 

The remaining propositions (*151°6 to the end) are concerned with 
applications to particular cases. The most useful of these are 


*151-61. + .03P smor P 
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which shows how to raise the type of a relation without changing its relation- 
number; 
#16164. |.o)iPsmor P.(@))[C'P («| 3P) amor P 
415165. +.) a3PsmorP.( | a)f O'Pe( | iP) smor P 

We prove also that all members of 2, (i. all relations of the form « | y, 
where «+ y) are similar (#151°63), and that all relations of the form « | # are 
similar (*#151°631). 
#15101. Psmor Q=8 {Sel 71.0Q='S.P=SiQ} Df 
#15102, smor= PQ {qt Pamor Q} Df 
#1511. +: PsmorQ.=.(qS). Sel 71.0Q=AS.P=S83Q [(«15102)] 
#15111, :SePsmorQ.=.Sel+1.0Q=A'8S. P=SiQ [@k151°01)} 


#15112. +: PsmorQ.=.q!PsmorQ [(«151-02)} 
wA51121, FIP CQe(Q attior Q) [47217 . #50552. #150534, #15111] 
415113. +. QsmorQ [¥151°121-12] 
#151181. b: SeP amor Q.=.SeQ sor P 

Dem. 
F.#71-212.+:Sel—+1.s.Sel—1 (1) 


F. #15018. +: P=S3Q.9.55P =(8|8)3Q: 

[#71192] DE: Sel—+1.P=85Q.3.S1P=(If A'8)iQ: 

[150-584] Dh: Sel—+1.C'Q=A‘S.P=SiQ.3.55P=Q (2) 
F . 415023. Db: 0Q=C'8, P=SIQ.3.0°P =D‘8 (3) 
b (1). (2). (3). #8321. D 


t:Se1—+1.CQ=C'S. P=SiQ.>.Sel9 1.0 P=. Q=SiP (4) 


bees 


:Sel+1.0P=O8.Q=SiP.D.Se131.0Q= 8. P=S3Q (5) 
b. (4). (5). #151-11.5+. Prop 
#15114. -:PsmorQ.=.QsmorP [*151'13112 . 31°52] 


#151141. +: Se PamorQ. Te Qsmor R.D.8|TePsmor Rk 
Dem. 


» #3133 ..D 


F.¥15111.#71-252.D+:Hp.d.8|Telol Q) 
b.#151-11 #15023. b:Hp.d. 08-02. DT=09.09T=CR, 
[437323] >.d(S|D=a7. 07 =OR, 

[#1317] >.a(8|7)=CR (2) 
F.xl5D11. Dt:Hp.d.P=SiTiR 

[¥150°13} = (S| TR (3) 


F.(1). (2). (8). #15111. . Prop 
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#15115. +:PsmorQ.QsmorR.>.Psmork [¥151°141] 


*161:16. +,2@smor [*151-13] 
¥*151-161, + .smor = Cnv‘smor [4151-14] 
#151162. | . (smor)? = smor [4"151°15°161 . 484-81] 


¥15117. +:.PsmorQ.3:RsemorP.=.RsmorQ [#1511415] 
#15118. F:PsmorQ.>.C*Psm CQ 


Dem. 
F. #15111. #15028 .5+:Hp.d.(q8).Sel +1. DS=OP.A8=09. 
[473-1] >.O'P sm C'Q: D+. Prop 


*16119. F:C'PsmC'Q.=.(qR). OR=C'P.RamorQ 

Dem. 
b.*73'1. D+: OC Psm0'Q.=.(qS). Sel31.D'S=CP.dS= OQ. 
[#150-23] 2.(qS8).Sel>1. 0S =0'Q. CS3Q= OP. 
[¥13-193] . (qB,8).Se1+1.0'S=C'Q. R=S3Q. R= OP. 
[*151°1] .(qR).CR=CP. Rsmor Qi dt. Prop 


#151:191.  : Se Pamor Q.=.Se(C'P) smi (CQ). P=S5Q 
Dem. 
F.#151181-11.5+:SePsmor Q.3.0°P =D‘S: 
[#4°71 4151-11] DF: SePsmor Q.=.Sel1—y1.0°Q= AS. P=S3Q.C8P=D‘S. 
[*73'03] =. Se(OP)am (CQ). P=S8iQ: 5+. Prop 


¥1512. b: Sel +1. CQCd‘S. P=SiQ.3.8f CQe Psmor Q 
Dem. 


ttl ow 


b.¥7129. DE: Hp.>d.SPCQel sl (1) 
48565. Db: Hp.d.asporg=CrQ (2) 
F.#15032.3+:Hp.d.P=Sf C'QiQ (3) 


F. (1). (2) «(3).#L51-11. +. Prop 
¥161-21, +: PsmorQ.=.(qS).-Sel—+»1.CQCAS.P=S3Q [*151-2] 


¥15122, +: SPCQel131.0QCAS.P=SiQ. =. Sf C'QePsmor Q 
Dem. 
b . *85°65 215032, DE: SPOQelw1.CQcds. P=SiQ.9. 
SpCQePsmorQ (1) 
F,#151-11 #150932. D+: SPCOQe PsmdrQ.>.SPCQel—+1. P=S83Q (2) 


#15111. DE: SP CQeP amor Q.>.0°Q=A(Sf OQ) 
[435-64] =C'Qna's. 
[*22°621] >.cqceas (3) 


F.(1).(2).(8). DF. Prop 
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#15123. +: PsmorQ.=.(qS).SfCQel71.C°QCAS. P=S3Q [#15122] 
The above proposition (*151'23) is very useful. It is the analogue of 
*73°15. (It should be observed that, in all propositions concerning likeness, 
S3Q plays the same part as S“‘@ plays in propositions concerning similarity.) 
By means of *151:28, we can establish likeness in all those numerous cases in 
which a relation which is not usually one-one becomes one-one when confined 
to a certain converse domain, as for example if we have to deal with Df ea‘x, 
where «¢ Cls*exel, or with Df Ps‘x, where Ph xeCls—»1. Thus eg. by the 
above proposition, if Q is any relation whose field is Pa‘x, where P[ «eCls— 1, 
D5@ will be an ordinally similar relation whose field is D“Pa‘x. 
#151231. }:.(y). EL S'y: Sf OQel+1.P=S85Q:3. 8 CQe Psmor Q 
{#151°22 . 33-431] 
4151-232. Fs. (qS):(y). EI Sty: SPCQela1.P=S8i3Q:5.PsmorQ 
[«151-231-12] 
#16124. b:.(y). El Sysy,26 CQ. Sy =S'z.d,,.y=2:P=S8iQid. 
Sf C@QePamor Q.PsmorQ [*71:16655 . 4383-431 . *151-22°23] 
#151241. :.Sel1—+Cls.C*QC AS: y,2e0°Q. Sy =S%z.d,,.ya2:P=SiQ:d. 
SP CQePsmor@.PsmorQ [#71:55 . #1512223] 
#151242. biz y, 2€0'Q.D, 2 S'y=S2.=.y=22. P=83Q:.5.SPCQePsmorQ 
[«71°59 . *151-22)} 
151243. Firy,zeCQ.d, 2: Sy =S%.=.y=2:.P=S85Q:.9.PsmorQd 
[151-2429] 
#15125. +: SeCls+1.0QCUS. P=S83Q.3.Q= SP 
Dem. 
b.#15018. Dt: Hp.d. SIP =(S| SVQ 
{«71-191] = (IP O4S)3Q 
[«150'335] =Q:Dt.Prop 
4151261. bs. Sel131.9:CQCAS. P=8iQ.=.0¢P CDS. Q=S3P 
[4151-25 . #150°22 .*37°15] 


#151252. b: SeCls31.0-QCCS.3.Q=S593Q [4151-25] 
#151253, :Se1—+Cls. SP CDS. 9, P=S3S5P [ «11-252 al 
4151-254, b: Sel 1. >. StP C“CHA‘S= Cav'{StP O“CHD‘S} 
Dem. 
b.#151251. bs. Hp.d:0Qe CMS. P(St)Q.=. 
OP e CD‘S. Q (8+) Ps. Dk. Prop 


This proposition is the analogue of *72°54, “ st” means “(Cnv‘S) +,” not 
“Cnv"(8t).” 
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#15126. 


Dem. 


#*151-261. 


#151262. 


*151-263. 


*151:264. 


Dem. 


#15127. 


#151-271. 


b:.SeCls+1.C¢QCU‘S.3: 
PESiQ.D.S'PEQ:SiQEP.D.QESiP 

+. #15081. b: PESIQ.D. SIPC SIS3Q: 

(¥151-252] Db: Hp. 3d: PESIQ.3.S5P CQ (1) 

Similarly Fr Hp.3:S39GP.3.QESiP (2) 

F.(1).(2). DF. Prop 

bi.Sel—»Cls.CSPCDS.9: 


QESP.D.SIQEP:SPEQ.D.P ESQ [s1s1265 9 


bi. Sel+1.C°PCDS.CQCAS.D: 
PGES3Q.=.55PEQ:QESiP.=.8IQEP [¥151-26261] 
br. Sel+1.C°PCDS.CQCAS.D: 


PGS3Q.QGSIP.=.83PEQ.SIQCP.=.P=S3Q.=.Q=S3P 
[x151-262] 


ll 


bu SPOQel+1.3:PESiQ.QESIP.=.P=S5Q 


b. #150:202.437401. Dh: PESIQ.D.CPCDSPC® (1) 
t.(1).#15126250 08 5+ .Hp. Presi. >: 

QE (C°Q15):P. (SPCQIQEP: 
[¥150°36132] 3:Q (SIP) C'Q.=.SiQEP: 


[*35-9.436-29]:QES3P.=.S3QEP (2) 
+ .(2). 4532.4. Prop 


T 


:Sel+1.PGSiQ.QESP. 

Sell. OPCDS.0QCHS. SP EQ. SQEP. 
Sel 1.0QC U9. P=S5Q. 
Sel+1.0PCDS.Q=S5P 
[#151°263 . 45°32 . #150°203 . #4°73] 


+r 


:(qS).Sel—+1.PESQ.QESP. 
.(q8).Se131.0PCD'S.0'QCHS. SP EQ.SQEP. 
-PsmorQ [#1512721] 


Mall 
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4151-28. b:.PsmorQ.=:(qS):Sel—al:aPy. Pa -(Sia) QS): 
ae 2QW «Dz,» (S'z) P (S'w) 
b.*150- 41. DbiSel—1.d: (82) Q(8'y).= 0SiQy: (S‘2z) P(S'w).=.253 Pwr. 
[¥23-1] Di. 0Py.D2y+ (S'x) Q(S*y) : =» PESQ: 
2Qw D260: (S‘2) P(Stw) : = QGSP:. 
[#15127] :.aPy. Dany» (S'0) Q(Sy): 2Qw. GOCE : (Siz) P(Stw)t = 


S.P=SQ (i) 

b. (1). 45°32. #15121. D4. Prop 

The above proposition shows that ordinal similarity as we have defined it 
has the properties which are commonly associated with the term “ordinal 
similarity,’ namely that P and Q are ordinally similar when their fields can 
be so correlated that two terms having the relation P are always correlated 
with two terms having the relation Q, and vice versa. 

The hypothesis Se1—>1 is redundant in *151-28; this is shown in the 
following proposition. 
#151281. bs. Py. Dy, y « (Sx) Q (Sty) t Qu « Dz, « (S'z) P(S‘w): 

2.OP1S=Sh CQ. Sf CQePsmor Q 


Dem. ¥ v 
b.#1421.3b: Hp. d:¢Py.3.E! Se. Etsy: 
[*33'352] DiveOP.>. Et Sa: 
[x71-571] D:(O'P)1SeCls1.0¢P CDS (1) 
Similarly b:Hp.>.SPCQce1+Cls. CQ CTS (2) 
b.48317.3b:. Hp. d:aPy.>.S'a,StyeCQ: 
[33-352] DimeOP.>.SeeCQ: 
[*14°21-26] DiveCP.aS8z. 3.2609: 
[#4071] D:iveCP.a8z.=.06e0P.28z.260Q: 
[*35-1°102] 3:(CP)18=(CP)1 SP CQ (3) 
Similarly +:Hp.>.9PO‘Q=(C‘P){Sf CQ (4) 
+. (8). (4). Dk: Hp. >.(C&P)1S=SPO"Q. (5) 
[().(2)] >. Shel 1.09Cas (6) 
F.(6)-#35°7 «(1).(2)-*150-441.t: Hp. 3. PESQ.QESP. 
[x151-264.(6)] >. P=559 (7) 


F. (5) .(6).(7) «#15122. +. Prop 
¥151-29. +:. PsmorQ.=:(qS):@Py. Dry (Sx) Q(S*y)1 2Qw Dz,w» (S‘z)P(S*w) 
[#151-28-281] 
ag b:SeCh 1. SQ=5R.CQOCAS.CRCAHS.3.Q=R 
jem. 3 
b. #151252, DF: Hp.3.Q=S58Q 


[Hp] =SGR 
[4151-252] =R:D+.Prop 
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#15132. Fr. PsmorQ.d:qtP.s.G'Q [#15118 . #73:36 . *83-24] 
#15133. +: Se Pair Q..P|S=9|Q-8|P=Q|8 


Dem. 
F.#151-11.3+:Hp.>.P|S=S|Q|S|S.Sel1+1.0Q=a8. 
[*72'601] 2.P|S=8|Q (1) 
Similarly b:Hp.5.S|/P=Q|8 (2) 


F.(1).(2). D+. Prop 


#1514 br TP CQel+ 1.0 P=TC'Q.Q=DP.>.Th OQe Pamat Q 
Dem. 
b. #8552 .*87'4.Ib:Hp.d.(CQ)1 Tel +1.d{(0Q) 1 T} = OP (63) 


+. 436-38. Db: Hp.d.Q=(BPyt og 
[150361] = (OQ) 1 FHP @) 
+ .(1)-(2).#1BLIL. DF: Hp. >. (CQ) Pe Qamor P. 
[¥151-131] >. TP CQ e Pamot Q: +. Prop 
4151401, b: PP OP e X sok P. Th O'Qe Vamot Q. Se Pamst Q.D. 
TiS eX aor Y 

Dem. 
b.a151-131-141. +: Hp.d. 7P OP |8|(CQ)1 Te X sor Y (1) 
b.xl5111-181. Db: Hp.d.DS=OP.9=0°. 
[#150'34] >. TPP OP|S|(0'Q) 17 = TiS (2) 


F.(1).(2). DF. Prop 
#15141. +: SePsmorQ.TPOP,ThOQel a1. CPvCQca 7.5. 
T3Se(LiP) amar (T3Q) [*151-401-22] 
This proposition is the analogue of *73°63. 
The following proposition is used frequently both in relation-arithmetic 
and in the theory of series. 
#1515. +: Sf C'QePsmorg.>. 
~ = a St 
DiP=SDQ. UP =8"AQ. BP = S“BQ. BP = S“BQ 


Dem. 
b. #151-22 .4150°21-211.+:Hp.d.DSP=9D'Q.0P=SaQ. (1) 
[498-101] >. Bp =sepeg— sag. 
[487-421.4151-22] >. BeP = (Sp 0-Q)D*Q ~ (SP C*Q)A'Q 
{471-381.4151-22] =(8 here -@‘Q) 
[*93°101.437°421] ap BR (2) 
Similarly b:Hp.>. BYP =S“BQ (3) 


F.(1).(2).(3). D+. Prop 
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#15161. +: SP OQe PamorQ.REQ.D.SPC'Re (SiR) smor R. GREP 


Dem. 
b.4151-22.#33-265.3+:Hp.d.CRCAS (9) 
b 4151-22 .*71'222. 3+: Hp.d.SPCRel sl (2) 
F. 4150-31 .#151:22.3+:Hp.d.SREP (3) 


b. (1). (2) +(8) #15122. F. Prop 
415152, bz PsmorQ.2.RIQCsmor*REP [*1515112-14] 


415153. +: SPC‘Qe Psmor Q. Te Pot'Q.3. 
SP OT (ST) smor 7. ST e Pot’P 
Dem. 
b.#150°8.3b:Hp.d.S7'e Pot’P (1) 


b.¥9127.Dh:Hp.d.07C a's (2) 
b, (1)«(2)-#151-22. Db. Prop 


415154. bs SP CQe Pamor Q.>. SP C'Qe P,, SMT Qo 


Dem. 
b.%91'504. #151:22.Db:Hp.d. Sf OQ=SfhO?O,, «CQ, CAS qd) 
b.#150°83 .*151-22.Db:Hp.d. Py =S3Qpo (2) 


F.(1). (2), #15122. +. Prop 

415155. 1: Se PamorQ.>.SeP,,smor Q,, [#15154] 

#15156. +: Psmor Q.5.P,,smor Q,. {*151°55] 
#*151'56 is used in *263°17. 


The two following propositions are lemmas for *151°59, which is used in 
#26317. 


415157. +: SePsmorQ.z,we0Q. 3. P(S'2HSw) = S“Q (zw) 
Dem. 
< - - > 
b.#151'33'55. Dk: Hp. dD. Py (Ste = 8 Qa o's» Prof S*w = 8 Qyo'w » 
= 


[¥91°54] >. PytSz = SQ, 62 v Se. 
2 > 
Py Sw = S°Q,.w v UStw. 
< 
[¥53°31.49154] D . PyiSe = 8° Ogle. By Sw =SOy'w 
[(#121'103)] D. P(S'2HS‘w) = SQ (z-iw): D+. Prop 
#16158. +: Se Psmor Q.>. Sf CQ, ¢ P,smor Q, 
Dem. 


b. #15157 2473-22. Db: Hp.D:z,welQ.d. 

Ne‘ P (Si2S‘w) =NeQ(zew) (1) 
b.(1).4121-11, Dt: Hp.z,we0@.3:2Q,w. =. (8%) P, (Sw) (2) 
+.(2).#15041. Dt: Hp.d.@,=SiP,. 
[¥151-253.%121-322) 2. SQ, =P,.0Q,CaS (3) 
+. (3). #15122. 3+. Prop 
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#15159. +: PsmorQ.3.P,smorQ, [#15158] 
The remaining propositions of this number consist of applications to 
particular cases. 
#1516. + .CnviPsmor P. Cavf C*Pe(CnviP) amor P 
[#151231 . #81°13 . *72°11] 
This proposition is only significant when P is a relation between 
relations. 


#15161. +.u3PsmorP [#151°232 . #51712 . *72°18] 


#15162. b:0'PC1.D.UPsmorP [*5262.*151-243] 
#15163. biety.ztw.d.e) ysmorz| wel coy) we(c | y)smor(z | w) 


Dem. 
b.#15072.34: Saal zuylw.ztuw.d.S(elwy=aly (1) 
b. #72182. #71-242.+:Hp.Hp(1).3.Sel1 (2) 
b.aS5 LS « Dh: Hp(1).3.04S= Oz | w) (3) 


b.(1).(2).(8). #151111. 3+. Prop 
The above proposition shows that all ordinal couples (i.e. all members 
of 2,) are ordinally similar. The following proposition shows the same for 
couples whose referent and relatum are identical. 


#151681. F.a | esmorz| z 


Dem. 
b.x72182.45515. Db. 2} zelal.dels)=O(e]2) (1) 


b. #5513. Dkrufa)z|2]2|Cnv(elz}u’.=. 
u(elz)z.u' (xz) 


[#5513] =.u=e.uv=a. 
[*55'13] =.u(eda)w (2) 
b.(2).#1501. Dh.(e@laitela=alea (8) 


b.(1).(8). #1511. 5+. Prop 
#16164. +.2|3Psmor P. (71) C*Pe(w |i P)smor P 
[#72°184 . 55°12 . *151-231] 
The following proposition is frequently used in relation-arithmetic. 
#15165. +. | 2 PsmorP.()x)f CP (| ai P)smor P 
[472-184 . 455-121 . 151-231] 


#152. DEFINITION AND ELEMENTARY PROPERTIES 
OF RELATION-NUMBERS 


Summary of #152. 

The relation-number of P, which we denote by Nr‘P, is defined as the 
class of relations which are ordinally similar to P, ze. 

— 

Nr‘P = smor‘P. 

Hence our definition is 
— 

Nr=smor Df 
The class of relation-numbers consists of al) such classes as Nr‘P, 2.e. 

NR=D‘Nr Df. 
These two definitions are analogous to those of *100, merely substituting 
“smor” for “sm.” They are justified by similar considerations, and lead to 
similar results. With the exception of *152'7'71'72, the propositions of this 
number are the analogues of those of #100, and call for no remarks other than 
those in the introduction to *100 (mutatis mutandis). 

*152-‘7'71-'72 give relations between relation-numbers and cardinals. 
*152°7, which is constantly used, states that the cardinal number of C‘Q 
consists of the fields of the relation-number of Q, i.e. the classes similar to 
CQ are the fields of the relations similar to Q; in symbols, 

#1627, b.NeOQ = C"NrQ 

Hence it follows that the fields of a relation-number form a cardinal 
number, 2.¢. 

#15271. b:peNR.3.C“weNC 

Hence also it follows that cardinals other than A consist of classes of the 
form O*4, where ys is a relation-number other than A, de. 

#15272. '.NC-—t'A=C%(NR ~t‘A) 
In «154-9, we shall show how to remove the restriction to numbers other 


than A, thus arriving at 
b.NC=C“NR. 


#15201. Nr=smor Df 
#15202, NR=D‘Nr Df 
#1521. +. Nr‘P =Q(Qsmor P) = Q (P smor Q) 
[32°11 . (4152-01). #15114] 
#15211. $:QeNr'P.=.QsmorP.=.PsmorQ [*1521] 
#1522, FEL Nrp [152-1 #1421] 
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#15221, +, C‘Nr= Rel [152-2 . ¥33:432] 
#15222. +.Nrel—»Cls [¥152-2 . «71°166] 
¥1523. +. PeNr'P [x151-18. #15211] 
#15231, +: PeNrQ.=.QeNrP [x152:11] 

#15232, +: PeNrQ.QeNr'R.D.PeNr'R — [#1 5115. #15211] 
#152821. t: PsmorQ.>.NrP=NrQ [151-17 . 1521] 


*1562:33. sq! Nr’P a Nr‘Q.>.PsmorQ.Nr‘P = Nr‘Q 
Dem. 
b.*15211.415114.3+:Hp.>.(qR).Psmor R.RsmorQ. 
[¥151:15] >.PsmorQ (1) 
b.(1) .#152'321. +. Prop 


#16235. b:.q!Nr‘P.v.qiNrQ:d: 
Nr‘P = Nr‘Q.=.PeNrQ.=.QeNr'P.=.PsmorQ 


Dem. 
+. #24571. 3b: Hp.3:Nr‘P=NrQ.>.q!Nr'Pa Nr@Q. 
[x152'38] >. PsmorQ (1) 
+. (1). *152'321.5+:.Hp.3:Nr‘P=Nr‘Q.=.PsmorQ (2) 
F.(2).#152°11. 9+. Prop 


In the above proposition, the same remarks as to types are to be made as 
in the case of *100°35. If in a certain type Nr‘P and Nr‘Q are both null, we 
have in that type Nr‘P=Nr‘Q, but we need not have Psmor@. Thus for 
example we shall find that, in the type of # | a, 


Nr“(ta f te) = A = Nr( te f-*a). 

But we do not have 
: (Ha f a) smor (tx f #2). 

#15624. biweNR.=.(qP).p~=Nr‘P — [%87°78'79. (x152-02-01)] 


Note that “Nr‘P,” like “Ne‘a,” is a formal number, and may be subjected 
to the conventions IT, IIT, AT. 


*152-41. +. Nr‘PeNR [#152-42] 
#15242, Esp,veNR.gipav.d.p=v [159-334] 
#15243, +. NRe Cls*excl [*152:42] 


¥15244. bi weNRiqiyv.v.qiNnr'P.3:Peyn.=.NrP=p 
[#152'35-4] 


#152465. F:weNR.Pep.d.Nr'P=p = [#152-44. 10-24] 


¥*1525. biyweNR.P,Qepu.>.PsmorQ [*152°31°32-4] 
R&WIT a 
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#15251. FiweNR. Pep. >.smor “y= Nr'P 


Dem. 
F.a871. Ib: Resmor“p.=.(qQ).Qeu.RsmorQ (i) 
+.*1525. Dk:weNR.Pew.d:Qen.PsmorQ.=.Qepu (2) 
b.(1).(2).3+:. Hp.3: Resmor“w.=.(qQ). Qen. PsmorQ.RsmorQ. 
[#151°17] =.(qQ)-Qeu.PsmorQ.RsmorP. 
((2)) =.(qQ)-Qeyw.RemorP. 
[#10°35] =.qtyz.RsmorP (8) 
b.el024, Dts. Hp. diqiv: 
[%4°73] 2:RsmorP.=.q!.RsmorP (4) 
b.(8).(4). Db:. Hp.3: Resmor“~.=.RsmorP. 
[#152°11] =.ReNr‘P:. 5+. Prop 


#15252. FiweNR.qiw.D.smor“pweNR [*152°51-4] 
The restriction involved in q!p is, as we shall see later, not necessary, 
since A e NR in any assigned type. 
#15253. big it Nr‘Q.>.smor“Nr‘Q = Nr‘Q 
Dem. 
b.#l5251. Ib: PeNrQ.D.smor“NrQ =NriP (1) 
b. «152321. 3b: PeNrQ.5.Nr‘P =Nr‘Q (2) 
F.(1).(2). DIE. Prop 
#15254. bi.qiw.giv.IsweNR.v=smor%p.2.ve NR. p=smor“y 
[Proof as in *100°53] 
#1526. F.uPeNr'P — [*151-61] 
15262. bev |iPeNr‘P [*151°64] 
#15263. +. J 2iPeNr'P [#15165] 
The utility of *15266263 is that they enable us to raise the type of 
a relation-number to any required extent. Thus uP gives a relation whose 
field is a class of the next type above that of CP, we. of the type C*P; 
while # |3P gives a relation whose field is « |“C‘P, which is of the type 
tt(utet C'P). If we OP, or, more generally, if retC*P, this is the type 
“P, Thus if we put Q=a2|)P, we have 
Q=t(COT CQ) =U(EL TEP) =t(P | P). 
Thus « |3P is a relation whose field consists of terms of the same type as P. 
The following propositions on the relations of cardinals and relation- 
numbers are very important. 


¥152-7, +. Ne‘C'Q = O° Nr'Q 


Dem. 
b.¥151:19.435°942.D k:aeNe€"Q.3.(qR). C'R=a.ReNr'Q. 
[*37°6] D.aeONr'Q (1) 
b.*15L18.3b:PeNrQ.3.CPeNeCQ 
[*387°61] DE. CéNr'QCNc'CQ (2) 


F.(1).(2).Dh. Prop 


SECTION A] ELEMENTARY PROPERTIES OF RELATION-NUMBERS 323 
#15271. FiweNR.D.O0%peNC [*152°7] 
#15272. +. NC—t‘A=C0*“(NR — tA) 


Dem. 
b. «152-71. D+. C“NRCNC (1) 
+ 152-7 6450-552. Db: weNC.aeu.d.0°Nr(If a) =NOa, 
[*100-45] >.C*Nr(IPa)=p. 
[*37°103] 3. peO“NR (2) 
+. (2).#1011-2335. Db: we NC. tp. D. we ONR (3) 
b. «87°45. Dei p=O%.qiv.d.qiv: 
[¥87°103] DhrpeONR.g!y.d.peO"(NR-UA) (4) 


F.(1).(3).(4). D+. Prop 


We shall show in *154°9 that the exclusion of A in *152°72 is un- 
necessary. 


21—2 


#153. THE RELATION-NUMBERS 0,, 2, AND 1, 


Summary of #153. 


The relation-numbers 0, and 2, have already been defined (in %56), 
though it remains for the present number to show that they are relation- 
numbers. They are the ordinal 0 and 2 respectively, i.e, they are the ordinal 
numbers of series of no terms and series of two terms respectively. But 
there is no means of introducing an ordinal 1 which shall be analogous to the 
cardinal 1 as completely as 0, and 2, are analogous to 0 and 2. The only 
relations whose fields are unit classes are relations of the form 2). We 
therefore put 
#15301. 1,=R(qz).R=a0]o} Df 

The above definition gives the nearest possible approach to an ordinal 1. 
1, so defined is a relation-number, and is the relation-number corresponding 
to 1 in the sense that it is the relation-number of al] such relations as have 
a field consisting of one term. But 1, is not what is called an “ordinal 
number,” because this term is confined by usage to the relation-numbers 
of well-ordered series, and «| is not a serial relation. It is essential 
to a serial relation to be contained in diversity; and if, by definition, we 
include x | among series, we introduce more exceptions than we avoid. 
Moreover 1, does not have the kind of properties which we wish 1 to have; 
eg. let, i8 not 2,. 

We do not use 1,, because we shall at a later stage define », as the class 
of those well-ordered series whose fields have v terms, so that 1,= A, while 
0, and 2, have the values e‘A and Ricae, y).ct+y.R=a] yh, as already 
defined. On account of this general definition of v,, we choose a different 
symbol for the relation-number 1, and 1, has the merit of being as like 1, as 
possible. 


To illustrate, by anticipation, the way in which 1, differs from proper 
ordinal numbers, we may point out that if 1, is added to 2,, we do not obtain 
3,. We shall define 3, as the class of series which consist of three terms, 7.e. 
the class of relations of the form 

elyvalzvylz 
where «+ y.a+2.y+2, We shall define the sum of two ordinal numbers 
as the ordinal number of the sum of two relations having these ordinal 
numbers (cf. #180), and it will appear that if P and @ are relations whose 
fields have no members in common, then 

PuQuoPrtcog 
has a relation-number which is the sum of those of P and Q. Suppose now 
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P=«lyand Q=z|2, where ety.a+z2.y42 Then 
PuQuOPTpoQ=alyualzvylzuztz 

This is not a member of 8,, because of the additional term z|z. Thus the 

addition of one term to a series P does not give the same number as results 

from the addition of 1, to Nr‘P. Hence the addition of 1 to an ordinal 

number has to be separately treated*. 

We prove in this number that 0, = Nr‘A (*153:11), that 2,— Nr(A ] tz) 
(#153'24; observe that we have to take a couple of classes (or relations) in 
order to be sure of the existence of two different objects of the class in 
question), and that 1,=Nr‘(y | y) (¥153'32). We prove O“0,=0 (#153'18), 
C“2, = 2 (#153°212), and C1,=1 (#153°36). We have also C0=0, (not 
proved) and (“1 =1,(*153:301). But we do not have C“2=2,; eg. 
(a@lyvylaeC2ifxty, but(alyuy|c)~e2,. We have 7!0, (#15312) 
and q 11, (#153°34), but from our primitive propositions we cannot deduce 
q! 2, unless we rise above the lowest type of relations. The case is exactly 
analogous to that of q!2(cf.*101); we have 


#153-26-262. +.q12,0 RI(Cls f Cis). q! 2,9 Rel? 


But if, as monists aver, there is only one individual, we shall not have 
q!2, in the type of relations of individuals to individuals. Our primitive 
propositions do not suffice to disprove this supposition. 


*15301. 1,=R{(q2).R=2le} Df 
#1531. F:Pe0,.8.P=A [456104] 
#153101. : PsmorA.=.P=A 


Dem. 
b. #15132. Transp. +: PsmorA.3..q!P (1) 
F.4#15113. Dt: P=A.>.PsmorA (2) 
F.(1).(2).9 F. Prop 
#15311. +.0,=Nr‘A [4#153°1-101 . #152°1] 
#153111. F.0,eNR [*152-41 . *153-11] 
#15312, b. 10, [51-161] 


¥15313. +b. 10,0 RR. A€0,0 BIR [x613] 
¥15314. b:Nr‘P=0,.5.P=A 


Dem. 
b. #15244. %153-11112.5+:Nr‘P=0,.=.Pe0,. 


[#1521] =.P=A:)+.Prop 


* Of. +161 and +181, where this point is more fully elucidated. 
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#15315, |. smor0, = 0, 


Dem, 7 
b.#152°51. 415311113. DF. smor0, = NrsA 


[#15311] =0,.Dh. Prop 


415316, Fs. eNR—10,.3:Pep.Dp.GlP 


Dem. 
. #15813 .¥15242. bs peNR.D:Aew.D.p=0,: 


[Transp] D:~+0,.>.Areum (1) 
b.(1).*25°63. 5+. Prop 

«15317. b:AeNr'P.=.Nr'P=0,.=.Nr'P=Nr‘A.=.P=A 
[#152°35 . #153°11-14] 


#15318. +.C%0,=0 


Dem. 
#5331. Db. OMA SCA (@5) 
« (1). 33-241 «(456-03 . #5401). F. Prop 


F. 

k 
#1532. +:Pe2,.=.(qa,y).aty-P=aly [#5611] 
#153201. bi:a+y.=.0] ye2, [*56°17] 
#*153-202. +: P,Qe2,.>.PsmorQ [*151°63 . #153-2] 

Fk 


#*153:203. f:Qe2,.PsmorQ.2. Pe 2, 
Dem. 
F,#*118-123.3+:Sel— Cls.z,weAS.3.83(2] w) = (S%z) | (Siw): 
[#55°15] Dh:Sel15Cls. C(z] w)= 8.9. 
Si(z | w) = (8%) | (Sw) (1) 

F.#7156. Dk: Selw1.C(z wy =AS.d:2=w.=.82=Sw: 
[Transp] Diztw.=.Sz+Sw (2) 
F. (1). (2). #153-201.) 

F:Seloal.ztw.C(z] w)=AS.P=S8i(z]w).d.Pe2,: 
[#1511] Dhiztw.Psmor(z)w).d.Pe2,: 
[#153-2] 2: Qe2,.PsmorQ.3.P¢2,:I+. Prop 


#163-21. +:Pe2,.3.2,=Nr‘P [{*153°'202'203] 
¥*153-211. biwty.D.2,=Nr(a]y) [#153-21-201] 


il 


¥153-212. +. 02, =2 [¥55°15 #5611 . #54101] 
#15322. big l2.ntz.5.q12(2). =-(qa,y).oty-mete [158-211 . #101°4] 
#15323. +: Pe2,.2. RIP CO,v2, [456-261] 


This proposition illustrates the reasons for not putting 
1,=P (qa).P =a] a} DE 
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We want the inductive ordinals, like the inductive cardinals, to form a series 
in order of magnitude; but, as the above proposition illustrates, the relation- 
number of such relations as «| « is not in the same series with 0, and 2,. 
The above proposition should be contrasted with #54411. 


#15324. b.2,=Nr(A | ea) — [4159-211 .%51161] 
#15325. +.2,eNR [m158-24 . 152-41] 


#153251. +. 2,+0,.2,n0,= A 


Dem. 
F.#153-212'18 . #101:34:35. 3b. 082, + 00, . 02,0 CO, =A. 


[*13:12.Transp.*37°21] D+. 2,40,.C0%(2,n0,) =A. 


[#37°45] ; Db.2,+0,.2,n0-=A 
#15326. bo !2,aRI(Clsf Cis) [*153°24. #1523] 
#153261. FAL (@ | 2) 2, [55-134 56-11] 
#153262, |. 12,9 Rel? {*153°261 . (#61:03)] 
#15327. +. 2, =smor‘(2, 9 RI‘Cls) = smor“(2, a Rel’) 
[#152°53 . *153-26-262°24] 
#*153-28. bradty.d.B(aly=a.BCnv(ely=y 


Dem. 
b. #99101 .45515.Db: Hp. >. B(x | y)mete. BCav(a | y)=u'y: DF. Prop 
153-281. F: Pe2,.D.BP=UD'P. BP =vU'P [#15328 . #5515] 
The above proposition is used in the theory of series (*204'48). 
41533, £.1,=$-2,=A{(qa).R=a] 2} [45618 .(*158-01)] 
#158301, F.1,=C*1 [#153°3 #5639] 


#15331. F.alye(el x) smor (y | y) 


Dem. 
b.#72182 45515. Dh.w Lyell. Gal y=Cyly) (1) 


b.#85'89 #551. Dh-clylyly=a2ly- 
[%150-1.%55°14) DE.@lLyigyly=elylyle 
[#35°89.%55°1] =alex (2) 
(1). (2). #15111... Prop 
*153'311. k:Qel1,.PsmorQ.>.Pel, 
Dem. 
b.4#158°3.%1511.3+:Hp.>. 
(qS,y)-Q=y ly-Sel—1.GS=1y.P=S5Q. 
[#150°71] D.(qS,y). P =(S*y) | (S*y). 
[4153°3] >.Pel,: D+. Prop 
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#153'32. 
#153'33. 


#153°34. 
Dem. 


#153°341. 


#15335. 
Dem. 


#153°36. 
Dem. 
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F.l=Nry]y) [*153°31°311] 
F.lzeNR [*153°32] 


big tly 1e+0,. 1+ 2-21.00," A.1,92,5A 


+. %1533. Dt.vlwvel,. 

[*10-24] Dhegtlh, (1) 
+. #56-103°104. Db.1,00,=A (2) 
F.(1). (2). Dh. 1,40, (3) 
+. #158301. #56118. Dk. 1a 2, COM n OD, 
[#72-41.410135] Dk. 1,02,=A (4) 
{(1)] Dt.1,+2, 6) 


F.(1).(2).(3).(4).(5). Db. Prop 
Fr Rel,.=.Nr‘R=1, [#1533334 . #15244] 
bk: Rel,.D.NeCR = CONrSR=1 


b. 55°15 .#153°3.Ib:Hp.d.NeCOR=l (1) 
b.(1).#152°7.3 +. Prop 


b.C1,=1 


b.¥158301. Db. C1, = O01 
[#72°502] =1.3+. Prop 


¥*154. RELATION-NUMBERS OF ASSIGNED TYPES 
Summary of #154, 


This number gives propositions analogous to those of #102. In accordance 
with our general notations for typical definiteness, “Nr (P)‘Q” means “the 
class of relations like Q and of the same type as P,” “Nr(P9)” means “the 
relation to a relation of the type of Q of the class of relations like it and of the 
type of P.” By aspecial definition, “NR? (P)” is to mean all typically definite 
relation-numbers of the form “Nr (P9)‘R,” 1.¢. all relation-numbers generated 
by the relation Nr (Po), t.e. the domain of Nr (Po). 


Existence-theorems in this subject can be proved by means of *154'14, 
which states that relations like Q exist in the type of P when, and only when, 
classes similar to C‘Q exist in the type of C‘P. In virtue of this proposition, 
the existence-theorems of our present topic are deducible from those for 
cardinals. In symbols, this proposition is 


#15414. F:q!Nr(P)'Q.5.q!Ne(C'P)CQ 
Hence by *102°73 we deduce 

#164242. b. Ae NR ?(P) 

whence, by *152°72, 

#1549. -.NC=CONR 


The remaining propositions are chiefly analogues of those in *102. Very 
few of them are subsequently referred to. 


*16401, NRY(X)=DNr(Xy) Df 
#1541, bg ERISPaNrQ.2.q1ClCtP a NeCOQ 


Dem. 
+.*1521.3+:Hp.>.(qR).REP.RsmorQ. 
[w151+18] >.(qR).REP.CRam CQ. 
[33-265] >.(qR). ORCOP.C' Ram OQ. 
[*100-1] D.q! ClO Pn NefC'Q: 3+. Prop 


HIB411, gq 1CMO'P n No“O'Q.d.(qR)+ Remor Q. ORC OP 
Dem, 
+. #1001. #781. t:Hp.d.(qS).Sel131-DSCOP.AS=C9Q. 
[x1 51-1] D.(qS). D'S COP. S3QsmorQ. 
[150-203] >. (qS). O193Q C OP..SQsmorQ: I+. Prop 
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#15412. Fig tRi(afa)aNrQ.=.q! Clean Ne‘OQ.=.Ne‘a> NeCQ 
Dem. 
be #1541.435°9.  DkirqiRi(afa)aNrQ.d.q!ClanNeCQ (1) 
be #15411 . 85°92. DE rg i Clan NeCQ.2.q!IRi(afalaNrQ (2) 
F.(1).(2). DF. Prop 
HIBS 121. Fe RIM(E OP Ft OP) =P = tye OP 
Dem. 
bex645. DEL RICE OP FOP) = t(OP FOP) (1) 
F.x64-201. DF t(C8P f OP) =P (2) 
b. (1). (2) «#6454. D+. Prop 


#164138. F:qit’PoaNr'Q.s.qitC'P an NcCQ.=. Ne‘t,“CP > NeO'Q 


Dem. 
[vais 
beware CP asera1 i) 
Fiqit’Pa NrQ.=.qiCl¢'OP a NofO"Q (1) 


b. (1). 63°65 .#117:22.3+. Prop 
#15414 Fb: q!Nr(P)'Q.=.q!Ne(C'P)CQ [#15413 . (65:04)] 

In virtue of *15414 and the propositions of *102, «103, *104, *105, 
#106, we see that all homogeneous or ascending relation-numbers exist, while 
A is a member of every descending type of relation-numbers. Remembering 
that the relations concerned must be homogeneous, we see that there are two 
kinds of steps by which their types may be raised, namely (1) from P to 
relations of the type of t‘C‘P f t*C*P, ie. from P to relations of the type of 
CP | C’P, or of uP; (2) from P to relations of the type of P f ¢*P, ve. from 
P to relations of the type of P | P, or of | #iP if wet,‘C‘P. Thus repetitions 
of the two steps from P to uP, and from P to | #iP, where wet ‘C*P, will 
enable us, without changing the relation-number, to raise its type indefinitely. 
It will be observed that, in accordance with our general definitions for 
relative types, the type of uP is #“C*P, and the type of | #P (where 
wet {C*P) is OP, 


#1542, F.Nr(Xy)Q=P {PsmoryyjQ} [65-2 . (#152-01)] 
#154201. b. Nr(X)Q=NrQatX [Proof as in *102°6] 


#154202. b: PeNr(Xy)'Q.=.PeNr(X)Q.QetY.=. 
PeNrQ. Pet!X.QetY [41522201 . (#65-1)] 
#154203, bs Qet#Y. 3. Nr(Xy)'Q= Nr (XQ [154-202] 
When Q belongs to any other type than ¢‘'Y¥, Nr(Xy)‘Q is meaningless, 
#15421, +, NRY(X)=% {(qQ).2=Ne(Xy)‘Q} {(#15401)] 
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#15422, b, NRY(X)= Nr (XV = (aX) Ney 
Dem. 
F .*154-21°202 .D 
FireXeNRY(X).=:(qQ): Per-=p.PeNr(£)'Q.Qet'Y: 
[*63'108.44°738] =:(qQ): Qet'Y:Per.=p.PeNr(X)Q: 
[*20-43] =:(qQ).Qet'Y.r=Nr(X)Q: 
[*37°6] =rreNr(X)¥ (1) 
b, (1) .#154201.5+. Prop 
#15423, ti AeNR@(P).=. Ae NO (OP). =. Ae NO(OPY40°Q 
Dem. 


b.#15422.3b:AeNR°(P).=. Ae Nr(P)4Q. 

[*37°6] =.(qR).Ret'Q.A=Nr(P)R. 
(*15414.Transp] =.(qR). Ret Q.A=Ne(COP)CR. 
[#6424] =.(qR).CRe CQ. A=Ne(CP) CR. 
[*35°942] =.(qa).aetO°Q.A = Ne (CP) ‘a. 

[*37°6] =.AeNe(CP)¢C°?. qy 
[*102°62] =.AeNC“®(C*P) (2) 


F.(1).(2).3 +. Prop 
#15424. b:O0@Q=tO'P.D.Nr(PYQ= A [*102°73. #15414] 


#154241, |. Nr(P)TpeCeP =A [154-24] 
#154242, F. Ae NR"?(P) 
Dem. 
b.a8591. Db. IP OP GOP FCP 
[#6364] GE teO'P F tft OP 
[*150°22] EtSCUP PtfCuP (1) 
b. (1). #154121. DF. Zp OP et bP (2) 


b. (2). 15422241. +. Prop 
#15425, b:O'Q=tyO'P.D.Nr(P)Q=A [#10653 . *15414] 
#154251, F. Ae NR?! P(P) 


Dem. 
b #15423. b: Ae NRPYP(P). =. Ae No(OP) CUP | P). 
[55°15] =. Ae Ne (OP) uP. 
[*63-61] =. AeNc(OP)teP. 
[#154121] =. Ae Ne (O'P)t'tyOP (1) 
F. (1). #106'58 . #104264. Db. Prop 
#15426. +: Pet Q.>.qiNr(P)Q [#64°231 . *103'3°13 . *154-14] 


#154261. b: OP OQ. D.qINr(P)Q [#104211 . #15414] 
4154-262, b: OP c tyCQ.D.qINr(P)Q [wl06-21-1 . #15414] 
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The following propositions are concerned with the two particular trans- 
formations from P to UP and from P to «| +P, which are useful in raising 
the type of a relation-number. 


#16431, + .tu3P=el"C*P 


Dem. 
b. 154°121 . #15022. 3b. U3 P= RI (OOP F tySOP) 
[%68°64] = RU(UCP FCP) 
[*64°56] =e"OP .D+. Prop 


#154311. Fe gt Nr@“CoP)P [#15431 . #152°6] 
#16432. bivet{(CP.3.teliP=PP tal) “CP =P 
Dem. 
b. «154121. *150°22.5+. tae) IP=RIN{(t'e | “COOP) f (ta | “COP)} (1) 


+. 64°52. Dhra,yetOP.d.a] yet(hCP f tCP). 
[¥154-121] D.alyetP (2) 
F.(2). Dhreeth(CP.d.2) “OPCEP. 

[¥63-21] D.tial “OP =eP (3) 
F.(1).(8). Dk: Hp.>. te | iP=RICEP 4 tP) 

[x64°56] =eup (4) 
F.(8).(4). 3b. Prop 

#154321, b. gt Nr (oP) [154-32 . #152°62 . #6318] 


#154322. bi met (OP. D.t | iP =tP [Proof as in #15432] 
#16433, Fraet(C'P.D.tP | ia) jP=eserP 


Dem. 
+. #15432.) +:Hp.d. Petal “COP. 
[#150-22] 2. Pet{Caw iP. 
[#15432] D.P Lic liP=Pa iP 
[#6423] =O8te | >P 
[154°32] =26E"P > 3b. Prop 


#104331. bg tNv (SP) [415433 . 152-62 . x63-18] 


#1544. +. Nr(Xy)'Q=P (qS8).Se131.0'S=0'Q. P=S85Q. 
DS et CX , TS et’ CV} 
Dem. 
b.154202.*1521.3 
bs. PeNr(Xy)Q.=:(qS). Sel 31. 0S=CQ.P=85Q: Pet\X .Qet'Y: 
[64-24] 2(qS).Sel71.0S=CQ.P=SiQ. CP et CX. 
CQe CY: 

1 (qS).Sel—»1.dS=OQ.P=SiQ. 

DS et OX. AS et CV 2. D+. Prop 


tit 


(18-193.%150-23] 
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#164401. 


F.Nr(Xy)'Q= B tg 1(Pamor Q)n t(C“X F O'Y)} 
[x15 4-4. 151-11 . 64°63] 


The remaining propositionsof this number (except #1549) are the analogues 
of those whose numbers have the same decimal part in #102, They are here 
given without proof, because the proofs are, step by step, analogous to the 
proofs of the corresponding propositions in *102. 


¥164°41. 
154-42. 
#15443. 
#15446. 
#15452. 
#15453. 
#15455. 
#15464, 
#154641. 
#1548. 
*15481. 
#15482. 
#15483. 


#15484. 
#15485. 
#15486. 
*164861. 
#15487. 
#15488. 


#1549, 
Dem. 


b:PeNr(Xz)\R.QeNr(¥z)R.3.PeNr(Xy)'Q. Qe Nr(¥x)'P 
+. PeNr(Pp)'P 
bagi Nr(PpyP 
b:PeNr(Xy)Q.=.QeNr(Vx)'P.=.PsmorQ.Pet'X.Qet*'¥ 
brat Nr(Xy)'Q.2.Nr(Xy)‘Qe NR* (X) 
b. NR¥(X)— SA CNR*(X) 
b: Awe NR*(Y). 3. NRY¥ (X)—e'A = NR* (X) 
bipeNR.giy. >. (qP, Q).n=Nr(P)‘Q 
b:weNR.3.(qP,Q).4=Nr(P)'Q [#154'64-241} 
b:PeNr(Xy)Q.Psmork. Ret'S.3.ReNr(Sy)Q. Re Nr(Sx)'P 
b:PeNr(Xy)Q.9.smor“Nr (Xy)QatsS=Nr(Sy)'Q = Nr (Sx)P 
biweNR’(X).q!p.>.smor pn tS e NR? (8) 
bipweNR?(X).v=smor"untS.qiv.d. 
smorwat'S= smor‘‘y a tS «2 = smor*‘y nh X 
ki(qP).Psmor X.Pet'X.Qsmor P.=.Qsmor X 
F.smor‘‘u nt Y =smory““p 
bk:p=Nr(X)Q.qiw.D.smory “= Nr(V)Q 
F.smorx‘‘smor yp C smorx“p 
biw=Nr(V)Q. qt Nr(X)'Q.5.smorp“p = smorp“smory “<p 
Fkip=Nr(Y)‘Q.q!smorp“p.2. 
smorp“ = Nr (P)‘Q.smory'“u = Nr (X)Q- 
smory“w=smory“‘smorp“y = smory “Nr (P)*Q 


F.NC=OC“NR 


b.«87-29.DFiw=A.d.p=CO%A, 


[154-241] >. peC NR () 
b.43729.Dkiv= A.D. C%vaA, 
[*102-73] 2. CveNC (2) 


F.(1). (2) .#152°72. DF. Prop 


*155. HOMOGENEOUS RELATION-NUMBERS 


Summary of *155. 


A relation-number is called homogeneous when it is generated by a 
homogeneous relation of likeness, i.e. when it consists of all relations which 
are like a given relation P and of the same type as P. For the homogeneous 
relation-number of P we write “N,r‘P”; thus Ny*‘P=Nr'Pat’P. When 
P is given, N.r‘P is typically definite. We have always PeN,r‘P, hence 
m!Nor‘P. Conversely, if a typically definite relation-number is not null, it 
is a homogeneous relation-number; in fact, if P is a member of it, it is 
N.r‘P. Thus the homogeneous relation-numbers are all the relation-numbers 
except A. 

Homogeneous relation-numbers play the same part in relation-arithmetic 
as homogeneous cardinals play in cardinal arithmetic. The propositions of 
this number (except *155-6°61) are the analogues of those with the same 
decimal part in *103. Their proofs are exactly analogous to the proofs of 
their analogues in *103, and are therefore omitted. 


The following propositions are the most useful in this number. 
#16511. +: QeNyr'P.=.QsmorP.Qet\P.=.QeNr'P.Qet’P 
This merely embodies the definition. 
#15512. +. PeNriP 
whence 
#15513, b.g!NorfP 
#15516. +: N.rfP=Nr'Q.=.Nr‘P=NrQ 
This proposition is used in the theory of well-ordered series (#253 and 
#255). It requires that the equation “Nr‘P = Nr‘Q” on the right-hand side 
should be subject to the convention AT. Otherwise, the typical ambiguities 
might be so determined as to give Nr‘P = Nr‘Q= A, which would not imply 
NyrtP = Nr‘Q. 
#1552. FrweN R.=.(qP).=Nr'PatP.=.(qgP).p=Nor'P 
This merely embodies the definition of N,R. 
4155-22, biweN.R.D.qtp 
155-26. bs. weNR.3: Pep. =.Na'P=pn 
¥155'27, b:u~=NytP.=.weNR. Pew 
#15534. +. NR-wACN,R 
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#1554. 
*155'5. 
#1556. 


F.smorN,r*P = NréP 
+.0,¢eN,R 
bk. CN rt P = NycC'P 


This last proposition connects homogeneous relation-numbers with homo- 
geneous cardinals. 


#15501. 
¥155-02. 
#1551. 

#15511. 
#15512. 
*155°13. 
#15514. 
#15515, 
#155-16. 
#1552. 

#15521. 
#15522. 
¥155-23. 
¥155-24, 
#155-25, 
#155-26. 
#155:27. 
*155-28. 
#1553. 


#155301. 


#16531. 
#155'32. 
#15533. 
#15534, 
#155°35. 
*155°4. 

#*155°41. 
#155°42. 
#155°43. 


Ny'P=NrfPatP Df 

N,.R=DN,r Df 

bt. Nor‘P =(Nr‘P)p = Nr(P)‘P = Nr(Pp)'P 
b:QeNyrSP.=.QsmorP.Qet'P.=.QeNr'P.Qet!P 
b.PeNwr'P 

bagi Nor'P 

Fi NorfP=N,r'Q.=.PeNy'Q.=.QeNyr'P.=.PsmorQ.Qet*P 
biq tn r'P a Nor Q.=.N ort P=N,rQ 

F:N,rf'P =Nr‘Q.=.Nr*P=Nr‘Q 
bipeN,R.=.(qP).p=NrPat'P.=.(qP).w=Noer'P 
Fk. Noarf'PeN,.R.N ort PeNR 

FipeN,R.D.qlp 

bk. AwveN,R 

F. N,Re Cls ex? exel 

Fiy,veN.R.Oigqivav.s.u=p 
FieNR.O: Pep. =. Nr Pap 
Fip=NofP.=.peNR.Pep 
t:(qR).RsmorP.p=NrR.=.q!e.p=Nr°P 
b:Qet#P.3.Nor'Q=Nr(P)'Q=Nr(Pe)'Q=NrQatP 
+b. NR? (P)=N,R(P) 

big tnr(Xy)'Q.3.Nr(Xy)'QeN.R(X) 

tb. NR¥(X)—ef‘ACN,R(X) 

+. NR(X)-UACN,R(X) 

b.NR-tACN,R 

bi Awe NBX(¥).>.NR¥(X)—UA=N,R(X) 

bk. smor**N rt P = Nr‘ P 

F.smorN,rP a t*Q = Nr(Q)'P 

Fk: Qsmor P. =. Nr(Q)‘P =Nor“Q 

krweNR.D.smor wnt pape 
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«155-44. bi. u,veN,R.3:4=smor‘'y.=.v=smor“p 
#1555. +.0,eN,R 
#15551. +.2,0Rl‘Clse NR 
#15552. + .2,0 Relte NR 

The following propositions have no analogue in *103, 
#1556. +. ON yr‘P = N,c'OP 

Dem. 


fF. #10011. 10311. 3b r.aeNefCP.=: 
aetC'P:(qS). Sel 31.DS=a.aS=CP: 


[#15023] ZractO'P:(qS).Selol.CSiPaa.USaC'P: 
[#15111] SraetC'P:(qQ).QsmorP.a=CQ: 
[*64°24] =:(qQ).QsmorP.Qet'P.a=CQ: 


[4152°11.4155°11] = :ae CNP. D+. Prop 
#15561. F.C“N.R=N,C [*155°6] 


On ascending and descending relation-numbers, propositions analogous to 
those of *104, #105, and #106 might be proved by proofs analogous to those 
given in those numbers. It is, however, scarcely necessary to add anything to 
the propositions already proved, namely *154°24'241'242°25°251 on descending 
relation-numbers, *154°26-261-262'3] 31132321 -322'33'331 on ascending rela- 
tion-numbers, and *155:23:34 giving the relations of non-homogeneous to 
homogeneous relation-numbers. Ascending relation-numbers all exist, and 
those that start from the type of P, wherever they end*, are the corre- 
spondentst of the homogeneous relation-numbers of the type of P, and are 
only some of the homogeneous relation-numbers of the type in which they 
end. Descending relation-numbers consist of A together with the homo- 
geneous relation-numbers of the type in which they end: they are the 
correspondents of only some of the type in which they begin, or rather, A is 
the common correspondent of all those relation-numbers in the initial type 
which are not correspondents of any homogeneous relation-number in the 
end-type. These properties are exactly the same as in the case of cardinals, 
as might be foreseen by *154'14, 


* We say that Nr (P)‘@ starts from the type of Q and ends in the type of P, 
+ We call two typically definite relation-numbers correspondents when they only differ as to 
the typical determination, i.e. Nr (X)‘P and Nr (Y)‘P are correspondents. 


SECTION B 


ADDITION OF RELATIONS, AND THE PRODUCT 
OF TWO RELATIONS 


Summary of Section B. 


In the present section, we have to consider the kind of addition of 
relations which is required in ordinal arithmetic. In cardinal arithmetic, 
if « is a class of mutually exclusive classes, s‘« has the properties required of 
their sum, and thus we do not require a new kind of logical addition before 
dealing with arithmetical addition. But in ordinal arithmetic this is not so. 
Suppose P and @ are the generating relations of two series, and we wish to 
add the Q-series at the end of the P-series. Then we wish every term of the 
P-series to precede every term of the Q-series; thus Pw@ is not the 
generating relation of the new series, since Pw Q gives no relation between 
the terms of the P-series and the terms of the Q-series. The relation we 
want is 

PvQuePte?g 
since this makes every term of the P-series precede every term of the 
Q-series. Hence we put 
PHQ=PvQvuePTtog De 
It will be seen that P4@ is in general different from Q#P. 


If C*P and C‘Q have no common terms, the sum of the relation-numbers 
of P and Q is the relation-number of P#Q (ef. *180). 


The addition of @ single term to a series requires a new definition, and 
cannot be dealt with as a particular case of the addition of two relations. It 
might be thought that, just as a v t‘w gives the result of adding the one term 
x to the class a, so P4(« | x) would give the result of adding the one term # 
to the series P. But this is not the case, since, when we add a term toa 
series, we do not want this term to precede itself, whereas P(x |x) is 
a relation which has to itself. What we want is a relation which every 
member of C‘P has to x but which a does not have to itself; thus we take 
PwC P ft‘ as our relation, and put 

Ppao=PoClPtix Df 
This definition defines the generating relation of the series obtained by 
adding 2 at the end of the P-series; similarly for adding « at the beginning 
we put 

aq¢PatetOPeP Df. 
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If x is not a member of C*P, the relation-number of P +5 a is the sum of the 
relation-number of P and the ordinal 1, which we represent by 1. (The 
ordinal 1 has no meaning by itself, but only as a summand.) 


The sum of a series of series is defined in the same way as the sum of 
two series was defined. Let P be a serial relation whose field consists of 
serial relations. Then the sum of all the series generated by members of 
C*P, when these series are taken in the order generated by P, must be a 
relation which holds between 2 and y whenever either (1) z and y both 
belong to the field of one of the series, and x precedes y in this series, or 
(2) # belongs to the field of an earlier series than that to which y belongs. 
In the first case, we have (qQ). Qe C'P. xQy, ie. w(C*P)y. In the second 
case, we have (qQ, R).QPR.xeC'Q.ye COR, ve. (qQ, R)-QPR. «FQ. yFR, 
te. a(F3P)y, Hence the generating relation of the sum of all the series is 
§C‘Pw FIP. Hence we put 

SP=sCPu PP Df. 
The relation =P has all the properties which we should expect of the sum of 
a series of series. 


Ifa series is to result from the addition of a series of series, it is necessary 

that no two of the series should have any common terms. For if we have 
QPR .ceOQa CR, 
we shall also have x (S‘P) x. 
Hence instead of a series, we shall have cycles; for it is essential to a series 
that no term should precede itself. (What seem to be series in which there 
is repetition are always the result of a one-many correlation with series in 
which there is no repetition, so that a term can be counted once as the 
correlate of one term, and again as the correlate of a later term.) For this 
reason, as well as for many others, it is important to consider relations 
between mutually exclusive relations, z.e. between relations whose fields have 
no common terms, We put 
Rel?excl = P{Q, ReC'P.QtR.Don-CQaCR=A} Df. 
Then Rel? excl has much the same utility in relation-arithmetic as Cls* excl 
has in cardinal arithmetic. We have 
b: PeReFexcl.=.F[C'PeCls— 1, 
which is analogous to the proposition (*84'14) 
Fre Clstexcl.=.ef «eCls—l. 

It will be found that in relation-arithmetic the relation F often appears 
where ¢ appears in the analogous proposition of cardinal arithmetic. 


Analogous to “smsm” is the relation of double ordinal similarity. This 
holds between two relations P and Q when they are ordinally similar relations 
between ordinally similar relations with known correlators, i.e. when, if 7 is 
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an ordinal correlator of P and Q, so that P= 75Q, then if X is a member of 
C*P, and Y is the corresponding member of C*Q, so that X7'Y, we shall have 
 smor Y, and shall be able to specify a member of Xsmor Y, But as in 
cardinals, so here, we have to frame our definition of double ordinal similarity 
in such a way as to minimize the use of the multiplicative axiom. We there- 
fore take as our definition the following: P and @ are said to have donble 
ordinal similarity when there is a one-one relation 8 which has C*E‘Q for its 
converse domain, and is such that P=S}5Q. A relation S which has these 
properties is called a double correlator of P and Q, t.e. we put 


P SRE SHOE Q=(1 > 1) n TORQ aS(P=SHQ) DE, 
a definition which, as will be perceived, is closely analogous to that of 


«Si 8m in «111. Two relations have double similarity when they have 
a double correlator, ie. 


smor smor = Bg {q! PsmorsmorQ} Df 
S is a double correlator of P and Q when S is a correlator of 2‘P and 3‘Q and 


Stf C'Q is a correlator of P and @. This might be taken as the definition of 
a double correlator, since it is equivalent to the above definition. 


If we assume the multiplicative axiom, we can prove that double simi- 
larity holds between similar relations of mutually exclusive similar relations, 
te, between two relations of mutually exclusive relations Pand Q which have 
a correlator S such that, if Ye C*Q, then Y and S*Y are always similar. In 
this case, S€smor. Thus if we assume the multiplicative axiom we have, if 
P, Qe Rel? exel, 

PsmorsmorQ.=.q! Psmor Q a Ri‘smor. 
In the particular case in which the fields of P and Q consist of well-ordered 
relations (z.¢. relations generating well-ordered series), this equivalence can 
be proved without the use of the multiplicative axiom, because two similar 
well-ordered relations have only one correlator, so that the difficulty of selecting 
among correlators does not arise. 


Double ordinal correlators have the same importance in proving the formal 
laws of relation-arithmetic that double cardinal correlators have in cardinal 
arithmetic. The construction of double correlators in various cases constitutes 
a large part of relation-arithmetic. 


In defining the ordinal product of two relation-numbers, and in defining 
exponentiation, we use a relation which has properties analogous to those of 
ad “8, This relation is P 4 5Q, of which the structure is as follows: Let z, w 
be two terms having the relation Q; then form the two relations | 2)P, 
{wiP. The relation | 25P holds between two couples # | z and y | 2 when- 
ever «Py; thus it arranges couples whose referents are members of C*P, and 
whose relata are z, in an order similar to P. The relations | 2}P and | w3P 
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are (by #15003) the same as Pie and P|w. Thus PLiQ arranges such 
; % 3 
relations as | 2’P in an order similar to Q. Thus P 15Q is similar to Q, and 
£ J 
every member of its field is similar to P. Thus the relation-number of P |3Q 
5 
is Nr‘Q, and every member of its field has the relation-number Nr‘P. More- 
over Pi 5Q, a8 it is easy to see, is a relation of mutually exclusive relations. 
Hence it is suitable for defining the product of @ and P, and we put 
Q x P=3‘P 13Q De. 
In the next section, after we have defined the product of a relation of relations, 
we shall use the same relation P43Q for the definition of exponentiation, 
5 4 
putting 
Pexp Q=Prod‘P J 5Q Df. 
These two definitions should be compared with those in *113 and #116. 
In virtue of the definition of ©, the relation =‘P | 7Q holds between terms 
7? 
which either have one of the relations of the form P | z, or belong respectively 
*> 
to the fields of two relations P|z, P| w, where zQw. Thus the relation 
“7 ”? 
BP 15Q holds between «| 2 and y | z whenever #Py and ze C‘Q, and also 
between 2|z and y | w whenever 2,yeC'P.zQw. Thus if, for the sake of 
illustration, P and Q generate finite series, so that their fields are 
Ip, 2p, ..., pps 
lg, 29, +, Ve 
then the field of 2P | 5Q will consist of the couples 
Ip Lg, 2p dle, --, wp L193 
Ip | 29, 2p} 20, «.., upd 20; 


Ip hve, 2p hve, -., we bre; 
and their order as arranged by =‘P | iQ is that in which they are written 
” 
above. Thus the above couples in the above order constitute the series QxP, 
and it is evident that this series has v x u terms. 

When the factors of a product are not enumerated, but are given as the 
field of a relation, a new definition of multiplication is required. This defini- 
tion, which has the advantage of being applicable to infinite products, will be 
dealt with in the following section. 


*160. THE SUM OF TWO RELATIONS 


Summary of #160. 
In this number, we introduce the definition 
PSQ=PeQuePTC® Df, 

which was explained in the introduction to this section. Although the 
propositions of this and other numbers in this Part do not require that P and 
Q should be such as to generate series, yet the reader will find it convenient 
to imagine them to be such, since the important applications of the ideas of 
this Part are to series. Thuswe mayregard the sum of P and @ as a relation which 
holds between a and y when either x precedes y in the P-series, or 2 precedes 
y in the @-series, or x belongs to the P-series and y belongs to the Q-series. 


The most important propositions of this number are: 
*16014. +.C(P4Q)=CP¥ CQ 
#16021. +.PtA=P 
*16022. F.AtQ=@ 
#16031. +.(PEQ)FR=PHQLR) 


which is the associative law, and 

«1604. +.(PuQtR=(PLR)v (QR) 

which is the distributive law for logical and arithmetical addition; 

*16044. £:C°PCA‘S.CQCAS.3.S5(P£Q)=SiPASIQ 

which is also a kind of distributive law; 

*16047. +: O° PaCQ=A.CP nO =A.8ePsmorP’. Te Qsmor Q’.3. 


Su Pe(P4Q)smor (P’ £0’) 
whence 
#16048. £:O'Pa OQ=A.CP' a CQ =A. Psmor P’.QsmorQ’.>. 
PAQsmor P£Y 


whence it follows that if P and Q are mutually exclusive, the relation-number 
of their sum depends only upon the relation-numbers of P and Q; 


#1605. F:C'PaCQ=A.3.(PAQLCP=P.(PAOLCQ=Q 
#16052. 1: C'PaCQ=A.CPaGR=A.PtQ=PHR.D.Q=R 


*16001. PAQ=PuQuOPtog Df 

«1601. 1. PLQ=PuQuOPTrcg [(#16001)] 
*1GO1L, bia(PHQ)y.=:¢Py.v. aQy.viaeOP.yeCQ [#1601] 
#160111. Fs. 0(PAQ)y.=:0Py.v.aQy.V.aFP.yFQ [*1G0-11. 43351] 
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#16012. big !Q.3.D(P#Q)=CPUD‘Q [83-26 . *35:85 . *160°1] 
#16013, big !P.3.d(P#Q)=a‘Pv CQ 

#16014. +.0C(PQ)=C'P LC 


Dem. 
+ .#38-262.. #1601. DE. C( PQ) = CP vu OQ u O(CP t 0'@) qQ) 
b.xB5'85'3688. DE. C(OPTOQ) COP LCE (2) 


F.(1).(2). 3+. Prop 
The above proposition is constantly used. The following propositions 


(*160'15-—-161) are not used, but are inserted to show that PQ has the 
kind of structure that we should expect of a sum. 


> = 
#16015. b:q!P.>.B(PtQ)=BP-CQ 


Dem. 
b. «1601218. 3b: gtP.g!Q.d B(P4Q)=(CP v D‘Q) — (AP v CQ) 
~ 

[*93-101.*33-161] = BIP-OQ (1) 
b.x1601.Db:Q=A.3.PHQ=P. 

> > 
[*30°37] >. B(P$Q)=B'P 

7 

[*33-241] = BP-—0Q (2) 


F.(1). (2). ks Prop 
> 2y 
#160151, b:4!1Q.>.B¢Cnv(P4Q) = BQ — OP 
416016, big! P. BP aCQ=A.>.B(PhQ)=BP [x16015] 
#160161, F:7!Q.BQa0'P=A.>.BCav(P4Q)=BQ 


¥1602, +.Cnv(PAQ)=QAP [43115 .#35'84] 

#16021, -.PA=P [HBB'88 . 425-24] 

#16022. |. A*Q=Q 

#1603. +.(PEQAR=PvQu RuCPtCQuePt OR CQtek 
Dem. 

b. #160141. 


F.(PEQOLR=(PHQ)Y Rv (CP CQ) TOR 
[*160°1.435°41:82] = PuQuC’P ft C'Qu RuC'P ft CRC F CR. DF. Prop 
*16031. +.(PAQ)AR=PRQLR) 

Dem. 
F. #160141.) 
b.PRQER)=PuQu RvoOPtCQuOPTORICQt OR (a5) 
F.(1). «1603.54. Prop 
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*16032. PEOFR=(PHQ)FR DE 
This definition serves merely for the avoidance of brackets. 
#16033. +:PGQ.3.PRREQLR [*33°265 . &160°1] 
#16034. 1: RGS.D.QAREQLS [*33-265 . x160-1] 
#16035. 1: PGQ.RES.D.PLOCRFS [*16033-34] 
*1604.  b.(PuQ)*tR=(PHR)v(Q4R) 


Dem. 
F.x1601.5+.(PuQ@tR=PuQu ku C(PuQ) ter 
[*83°262.%23°56] =PuRvQvu Ru (OP vOQ) tok 
[*35°41-82] =PuRuQu RuOPt OR CQTOR 
[%160°1] =(P#R)v(QER).3+. Prop 


#160401. F. PA(Qu R)=(PHQv (PLR) 


The above two propositions state the distributive law for logical and 
arithmetical addition. The three following propositions give the generalized 
form of this law, when 8 replaces Pw@; these propositions are not 
subsequently used but are inserted for the sake of their intrinsic interest. 


*16041. Fig ta.> SOPRA EFR A= SOL) 
Dem. 

Feae4b ll Db o (PRA) y.=2(GQP).Per.a(PHR)y: 

[*160°11] i(qP): Per: aPy.v.cRy.v.ceOP.yeCR: 

[#1042] :(qP).Per.aPy.v.(qP).Per.aRy.v. 
(qP).Per.zeCP.yeCR: 

{#4111 .410°35.441-45] = 2a (GA)y.v.qira.cRy.viaeCSr.yeOR (1) 

F.(1). Dir Hp. di. c(§ PF RN). 52 4(SA)y.v.cRy vice CSr.yeCOR: 

[*160°11] 10 (8X 4B) ys: DE. Prop 


#160411. Fig in.D.PREA=HPH A [Proof as in *160°41] 


tll 


Mout 


#160412. igi a.ml yD. s Af p = sorte 


Dem. 
b.#LGO411 Shr ql. D.sAR Sp = s(GA) BM (1) 
Fe w16041. DhEqIA.D. (SAB Mpa sAN ye (2) 
a” 


F.(1).(2). DEEN ale D IAPS = HAS 
7 
[#4212] = ser Rp :D4. Prop 
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The following propositions lead up to *160'44, which is frequently used. 


416042. +.(P£Q)IS=P[SvQ|Su CPt SOQ 
Dem. 
i F.#1601.3+.(P£Q)|S=P|SvQ|Su (OP tg) |S 
[4378] = P| Su Q|SuvOPtS“OQ. d+. Prop 
160421. +. S|(P4£.Q)=S|PuS|Qu SOP t OQ 
416043, +. Si(P2Q)=SPu SiQu SHOP F SHCQ 


Dem. 
F.#150'1 . *160°421.5 


b.S(P£Q) =(S|PwS|Qu SOP t0Q)|8 
[#150-1.*37°8] = SIP w SiQ uv SOP F S“OOD. DF. Prop 

416044. £: CP CAS. OE CUS. D. S(PLQ)=SIPLSIQ 

Dem. 

b. #16043 .*150°22.5 
b:Hp. >. Si P£Q)=S5P w SQ w (CSIP) f (O°SQ) 
[¥160-1] =SPLSIQ: Dt. Prop 

416045. Fs S(O’ UC'@)e1 1.8 OP’ ePsmar P’. SPC eQamorg’.>. 

SPO(P'$Q) (PQ) sinar (PQ) 


Dem. 
+. #151:22.D+:Hp.>.0CP Cass. cg’ CAS. P=SiP’.Q=SQ’. (1) 
[#160°44] 3. P4Q=SiP' FQ’) (2) 
F.(1).*16014.>+:Hp.d.cC(P FQ) CAS (3) 
b. #16014. Dt: Hp.d.8SfO(P FQ) cll (4) 


b.(2). (8). (4).#151-22. D4. Prop 
#160451. F: S}.O"P’ePsmor P’.SpO'Q' eQamor Q’.S*(C"P-C'Q')nO'Q=A. 
DSP OP’ £Q’) «(P4Q) staat (P'F.Q) 


Dem, 
b .#151-22 .#150°'22. 3+: Hp.d.0*Q =S*O%?d'. 
[#71-381.437-421] 3. S(OP’ —- CQ) a SO°U=A. 
[*7 4823] D.SP(COP’ v 0EQ)ela1 (1) 


b. (1). #16045 .5+. Prop 
¥160°452. +: SP C‘P’ « Psmor P’. SP C*Q' e Qsmor Q.C’PACQ=A.D. 
SPO $.Q) «(P4.Q) anor (P FQ) 


Dem. 
F #15122 .#150°22.3+:Hp.3.C°'P=S"O'P’. 0Q=S"O"F'. 
[Hp] 3. S8OP'n SOU=A. 
[#74833] >. SPC(P4FQ')e1 31 (l) 


F.(1).*160°45.5+. Prop 
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*16046, £:C°P=O'S.C6Q= aT. OP aCQ=A.>. 
(Su P)(PFQ)=SiP£TiQ 


Dem. 
+. #16044. 9+: Hp. 3.(Su TPQ) =(Su MIPA(Su THQ 
[#15032] =((Sw T)f OPHP4 (Se TP Ogg 
[¥35°644.Hp] =(SP OPP A(T OQ)Q 
[#150'32] =SiP£TIQ: D+. Prop 
#16047, b: CO PaGQ=A.0P aCQ=A.SePsnor P’. Te Qsmor Q’.D. 
Su Te(P4Q)smor (P’$.Q’) 
Dem. 
F,#151-11131.3+:Hp.>.D‘S=CP.DT=0°O.0S=0P". 
a‘T=C. (1) 
[Hp] >.DSaDT=A.d8adT=a,. 
[w151-11.#71-242] 2.8vTel—l (2) 
b. (1) #16014. DF: Hp. 3. C(P’£Q) =ASvaT 
(#33°261] =d(Su 7) (3) 
+. *160-46 .*151-11.3+:Hp.d.P#Q=(Su TP’ RQ) (4) 


F.(2).(8). (4). #15111. +. Prop 
#16048, £:C'PanCQ=A.CP n0'Q' =A. Psmor P’. QsmorQ.d. 
PFQsmor P’' FQ [*160°47 . *15112] 
41605. F:C'PaCQ=A.d.(PLOLOP=P.(PLOLCOQ=Q 
Dem. 
F.#16071. *#36:23.3 
b. (PAO OP=PLOPu (OP tOQ)} OP uv Ql or 


[#362933]  =Pw (OP T0Q)A(OP FOP) w QE OP (1) 
b.43631, Dr: Hp.d.QEreP=A (2) 
+. #3583488 .D:Hp.d. (OPT OQ) A(OP TOP) =A (3) 
F.(1).(2).(3). DF: Hp. d.(PLOLE CP =P (4) 
Similarly t:Hp.>.(PAQECQ=Q (5) 


F.(4).(5). 34+. Prop 
*16051, b:O°PaCQ=A.9.(PEOY=PuQ@uDPtCQuePTdqg 


Dem. 
643473. Dk: Hp.d.(PuQ)=PuG ql) 
+, *35'895. 3: Hp.d.(C°PTOCQP=A (2) 


b.n3462. DE.(PLQP=(Pu Qu (OP F .C*Q) 
v(PwQ)| (OP t CQ) a (CP F0@)|(Pv Q) 


{).(2)} =Pru@u (Pw Q)| (OP tO) uv (CP TC) |(PuQ) (3) 
F.43781. Db: Hp.>d.(PuQ)|(CP t OQ) =D'P TC (4) 
b.4378. DE: Hp.d. (OP F OQ)|(PvQ)=CP TAQ (5) 


F.(3).(4). (5). D+. Prop 
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The above proposition is useful in proving that, if C°P n O°Q= A, PXQ is 
transitive when P and Q are transitive (cf. #201-4). 
#16052. :C°PaCQ=A.C8PaCR=A.PLQ=P4R.D.Q=R 

Dem. 
+. #16014.3+:Hp.>.(PROQ)(- CP) =(P£OQ) OE. 

(PFOL(- OP) =(PEB)E CR. 

[*160°5} 3.(PEQL(-C'P)=Q.(PER)P(-OP)=HR. 
{Hp} 2>.Q=R:5+. Prop 

The above proposition is used in dealing with the series of segments of 
a series (*213°561). 


*161. ADDITION OF A TERM TO A RELATION 


Summary of #161. 

The addition of a term has two forms, according as it occurs at the 
beginning or end of the field of the relation in question. If we add first 2 
and then y at the end, the result is the same as if we added « | y («161°22); 
if at the beginning, it is the same as if we added y | «(#161°221). The 
propositions of the present number are all obvious, and offer no difficulties of 
any kind, As explained in the introduction to this section, we put 

Ppa=PulPtia Df 
a¢P=taeftCPueP Df. 
Most of the propositions of this number require the hypothesis 9 ! P, because 
if P=A, Ppa=acd P=A(#161-2201). This is connected with the fact 
that there is no ordinal number 1. Apart from propositions already 
mentioned, the chief propositions of this number are the following (we omit 
propositions about «<+ P when they are merely analogues of propositions 
about P 2): 
#16112. | .o<t P=Cnv(P po) 
#16114. biq!P.3.C(Ppa)=O'P vu ta=C(ed P) 
#16115. big! P.areO'P.D. 
> a 2 y 
BYP pa)=B'P. BCav(P pa) =e. Bad P)=a 
#161211. F.zede(yLa=alyvelzvylz=@ly)pz 
*161°31. +: PsmorQ.cvreC'P.yreOQ.2. 
P+pasmorQpy.c¢ Psmory+Q 


#1614, F: O°OCUS.ceM'S. Se1—+Cls. >. SQ 4.2) =SiQ-P Sa 


#16101. Ppao=PuCPtix Df 

#16102. 24 P=t'aftO'PuP Df 

#1611. +.Ppe=PolP Tic [(#161°01)] 
#161101. t.ae Pix f CP uP ((#161-02)] 
#16111. Fiy(Ppa)z.styPz.v.yeC'P.z=a [1611] 
#161111. Fi.y(e@ed P)z.s:y=a.zeCP.v.yPe [#161101) 
#16112. b.ce P=Cov(P 40) [#1611101 . #8584. 433-221 
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#16113. +. D(P a)=0'P.0(e4 P)=C'P 


Dem. 

Fe el6L1.3+.D(P 2) =D'Pu DUCP F efx) 
[#35°85] =D‘PuOP 
[#83°161] =C'P (1) 
Similarly +.d“(a<¢ P)=C'P (2) 
F.(1).(2). D4. Prop 

4161181. big! P.d.d{P pa)=d'P via. Died P) =D Pvuie 
[#3586 . #1611] 


#16114. b:G!P.3.0(P ba)=CP vi'e=C(@4 P) [*161-13:131] 
The hypothesis 7! P is necessary in this proposition, since without it we 
have Ppa=A. 
a=? > ~ 
4161141. big 1 P.D. BYP 2) = BP - ae. BCnv(P pa) =a — OP 
(#161:13°131 . *#93°101] 
#16115. big! P.aneCP.3. 
> > > ¥ 
BYP 49 0) = BP. BCov"(P px) =a. Bad P)aa [#161141] 
#16116. biareO*P.D.(Ppaf CP=(Ppa)p(—te)=P [#1611] 
The above proposition is used in the theory of connected relations 
(4202-412). 
#161161. brane OP .D. (a P)E CP =(e¢ P)f (-u'e) =P 
The two following propositions are frequently used. 
#1612, b.A+s@=A_ [x35-75°82. *161-1] 
#161201. F.cvep A=A 
#16121. F.(a@ly)pz=alyvalezvy)z 
Dem. 
b. #1611 .455:15. Db (ely) peaalyu (Ueuty) fue 
[#85°82'41.4%55°1] =alyvalzuy)z.3+. Prop 
Note that «| yua)zuy|z is the relation which orders # and y and z 
in the order a, y, 2. 
#161211. F.cet(ylaj=alyvalzvoylz=(e@ ype 
{Proof as in #161-21] 
#161212. Ppapy=(Ppa)py Df 
#161213. ce<cty P=acd(y¢P) Df 
These definitions serve merely for the avoidance of brackets. 


#16122. big! P.D.(Ppa)py=PR(aly) 


Dem. 
F.«l6l141.3+:Hp.3.(P-pa)py=PuCP feu (CP vila) futy 
[#85°82°41] =PuOPTtvaulP fy ues fy 
[*85°82°412] =PuOP T(Ucury) ous fity 
(4#55°1°15] =PulPtC(a@lyualy 


(#160-1] =P&(aby):at. Prop 
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#161-221. bi P.D.ret (ys Py=(e lL yFtP 


¥161:28. F:4!Q-3.(P£Q) py=PH(QPY) 
Dem. 
ba xl6L14°1.4*1601.5+:Hp.>. 
PRO py) = Pv Qu Qf uyo OP T(OQuey) 


[485°82-412] =PeQuCPTCQuOP ft itywOQt ty 
[¥160-1] =PEQUEP Try OQ try 

[*35°82'41 4160-14] =PFQUC(PED Tey 

[4#161-1] =(P$Q)-py: Dt. Prop 


4161-231. bi IP. Dd. ct (PLQ =H P/Q 


#161232. Fig i P.giQ.d.PR(e¢ Q)=(PpaFtQ 
Dem. 
F 416114101 . #160°1.3+: Hp. >. 
PH(edg¢ Q=Puiet CQuQu CP Ft (iv CQ) 


[#35°82°412] =PolPTticuQul'P Tt CQ uiiat C@ 
[#161°1:14.%95°82°41] =(P-p2)uQu C(P pz) tC@ 
[*160°1} =(P-pa)F$Q:5+. Prop 
#16124. F.ce (Ppy=(#4P)py 
Dem. 


b.#16110114.3h:q!P.D. 
ee (Ppy=uat (OP ury)y Pu OP tity 


[#35°82 412] =UetOPePuaf iyo OP fity 
[435°82-41.4161-101-14] = (a P)w Cad P) tty 
(*161-1] =(eg¢ P)-py (1) 


b.¥161-2201.3+4:P=A.3D.ce(Ppy=A.(2e P)pyaA (2) 
F.(1).(2). 34. Prop 


#16125. Fig! P.g!Q.3.(Ppat(yd¢ Q=PRalL WFO 

Dem. 
b, #161-14,*1601.> 
F:Hp.d.(Ppat(ys Q=(P pa) (ys Qu (OP via) T (CQ vty) 


(4#161-1:101] =PuOP tiauiyfogua 

o (OP ute) t (CQur'y) 
(*35°82°41:412] =PulPt(acuryuratiyud 

wu (OP vileutty) Tt O° 
[5 5-15-1.#16014'1] ={PH(el yj} wQuCiPr(al yn} TO 


[#160°1.(#160°32)] =PH(wl y)F.Q: D+. Prop 
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#16126. beoctlyt(elwj=(@lytelw=(@ly)>24u 


=(e¢ Ql a}pu 
Dem. 
+ #161221. 455134. 3b. 04 (yd (2) wh =(@lyt(zehu) 
[#161/22.%55°134] =(«lypapw 
[#161-211} ={ed(y)2}+w-Ob. Prop 


The following propositions lead up to *161'33. 


41613. Fig!Q.SePsmor Q.ave OP .yre OQ. 9. 


Sualye(P+«)smor(Qpy) 
Dem. 


b#151-11131.3+:Hp.>.Se1—91.0Q=A9. P=5Q.C°P =D‘S (1) 
b.(1). 55°15. DE:Hp.d.D'SaD (al y=A.TSud(elyy=A. (2) 


[*72°182.#71-242] D.Swvelyel—l (3) 
b. 45515 .#15111.3+:Hp.>.d(Suely=CQurty 
[*16114] =C(Qy) (4) 


b.(1).(2).#34°301. DF: Hp. d.(a Ly |Q=A-Qly aaa. _ 
(aL y (CQ TUy=HA.(OE Tuy [S=A. 
[34-25-26] D.(Svaly)|(QUOOTHy)=S|\(QuCQtry)- 
Qucgtiy)|yLevs)= QiSo(COTYIy L#) 
[#35°80.455°1] =Q| Sw cq hike (5) 
F.(5).#1501. 3+: Hp.d.(Sva] (Qu OO Tuy) =S| (Q|SvOg tea} 
[*1501] = SiQu Si0Q Tule 
[#87°81.(1).#150°28] =PuCPtia (6) 
F.(6).#1611.9+:Hp.>.Sucly(Qpy=Ppa (7) 
b. (3). (4). (7). #15111. D+. Prop 
#161301. F: 7 1Q.Se Pamot Q.ane OP .yre QD. 
& yw Se (ae P) siior (y ++ Q) 
#16131. +: PsmorQ.aveO'P.yreCQ.2. 


P-pasmorQ-py.«ed Psmory 4+ Q 
Dem. 


F.*161°3°301 . *151:12.5 

F:Hp.q!Q.3.P+asmorQpy.ce Psmory4Q (1) 
F ..#15132.. *161-2-201.> 
biHp.Q=A.9.Ppa=A.Qpy=A.cq Ped.yt QaA. 
[*153-101] 3. P pasmor Q+py.a¢ PsmoryQ (2) 
+.(1).(2). 34+. Prop 
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#16132. Fig! Q.areO'P. yre OQ. Se(P 42) smor (Qpy).>. 
a St (—uy)e Psmor Q. eSy 
lem. 


F.#1515.#16115.3+:Hp.>.aSy (1) 
b.(1).#1501. 3b: Hp. D:u(Sp(—ey)sQhv. 
=.(qz,w).zQpy)w.uta.vte.uSz.v8w. 


(*151:11] S.uta.v¢ea.u(Ppo)o. 

[*161-11] =.uPv (2) 
+. #35°64. 9b: Hp... ASf(— ety) = C(O Py) — uly 

[#161°14-2] =0@ (8) 


F.(1).(2).(8). DF. Prop 


161321, br! Q. are OP. yre OQ. Se(a P)smor (yt Q).D. 


St (-ef'y)e Psmor Q. aSy 
#16138. bi.are OP. yrwe C'Q.3: 


Psmor Q.=.(P $<) smor(Q py). =~ (a+ P) smor (y + Q) 
[4161°31'32'321-2:201 . *153:101] 
The above proposition justifies addition of 1 or subtraction of 1 in ordinal 
arithmetic. 


The following proposition (#161'4) is much used. 


#1614. F:C°QCAS.eeA'S. Sel Cls.3.83(Q 2) sSiQ 4 Se 
Dem. 


F.#1611.41503. Db. GHQ2)=SIQU SHO F'n) 

[#150°73] = S3Q w (SOQ) T (Sue) (1) 
F. (1). #15022 .45331. 3+: Hp. >. 85(Q 492) = 839 w (C485Q) T(U'S*a) 
{#161°1] =S5Q -p Sm: D+. Prop 


#16141. :C0'QC O'S. ae M'S.Se1—>Cls.>. Sa Q)= Sa SiQ 
#16142. Fb.) (Q4>o)=LyiQt (hy) [¥LGL+. «55-21. #72184] 
#16143. +. Lye Q)=(@ ly Ly 


*162. THE SUM OF THE RELATIONS OF A FIELD 


Summary of #162. 


The form of summation defined in *160 cannot be extended beyond 
a finite number of summands, since it involves explicit mention of all the 
summands. In the present number, we shall be concerned with a form of 
summation which is not subject to this restriction. It will be observed that, 
since relational summation is not permutative, we cannot define the sum 
of a class of relations, for this would not determine the order in which the 
summation is to be effected. Our relations must be given as the field 
of some relation which orders them; thus the sum appears not as the sum 
of a class, but as the sum of a relation, namely of a relation whose field is the 
relations to be summed. In the case of two relations Q and R, the sum of 
Q | 2, as defined in the present number, will be equal to QR; similarly for 
three, the sum of Q) Ru Q| Su RIS will be equal to QF RFS, and so on 
for any finite number of summands. 

As explained in the introduction to this Section, if P is a relation between 
relations, we put 

BP=sKCPePiP Dé 

It is convenient to suppose that P is serial, and that every member of C*P is 
also serial. Then =‘P holds between « and y if either (1) there is a series, 
in the field of P, in which x precedes y, or (2) « belongs to a series which is 
earlier, in the P-series, than the series to which y belongs. The following are 
the chief propositions of this number: 


4162-22-23, b. OSP = s'O OP = OOP = FOP = PEP 
#16226. +. 2(PuQ=S'PutQ 
#1623. F.S(Q) R)=QER 
#16231. |. SQ 2‘R=5(Q4R) 
#16234. +. 2°23P = 2°S‘P  [Associative.Law. Cf. #42°1,] 
#16235, +: OCVQCAR.D. SSRIQ= BIT 

This is the analogue of #40°38. (Cf. note to #162'35, below.) 
#1624. +. ASA 
#16242. big iS'P.s.q18OP. e.g! OPA 
#16243. bi: qi P.d.i(PpR)=='P4R 

It should be observed that the ordinal analogues of propositions about 


classes of classes often involve the substitution of % (not 8) for s. Examples 
are afforded by *162°34°35, quoted above. 
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416201, 3'PeasC'PueKiP Dt 

41621. b. 3'P=sO'Pw FiP [(#162-01)] 

#16211, b:.0(E'P)y.=10(O'P)y.v-a(FiP)y [#1621] 

#16212. b.0(E'P)y.=1 (GQ). Qe OP. aQy.v-(HQ,R).2FQ. yFR.QPR 
[#1621 . 41-11. 415011] 

#16213, bi.0(2'P)y.=2(qQ).QeOP.aQy. 

V.(qQ,B).ceC'Q-yeOR.QPR [#16112 .43351] 

416214, bs.0(S!P)y.=:(qQ). QFP. aQy.v.(qQ, R).oFQ. yFR.QPR 
[#16112 #3351] 

41622, +. Cav'S!P = ECnviP 

Dem. 
b. 416213. :.0(8/CnviP)y.=:(qQ)- Qe CCaviP .aQy. 
v.(qQ, B). Q(CnviP) R. we OQ .yeOR: 


MH 


[#150°22°41] =:(qQ). QeCnv“O'P. aQy. 
v.(qQ, BR). QPR.xeCQ.yeOR: 
[#37°64.#38'22] =: (qQ).QeC'P.yQu.v.(qQ,R).RPQ.ceCQ.yeCR: 
{*16213] =1y(2'P)o:. D+. Prop 
#16221. +. DYS*P =sD“C'P v OD Pf — tA) 
Dem. 


+. #16213. Db: ae D'S'P.=:(qQ,y).QeCP. aQy. 
v-(qQ,B,y)-QPR.ceCQ.yeOR: 

[4831324] = 1(qQ)- QeOP.weD‘Q.v.(qQ, R).QPR.ce CQ. aR: 
[¥40°4.%35°101] = :cesD“O'P.v.ves'OD( Pf —tA):. D+. Prop 
#162211. |. SP 2s O'P uv sO" (— A) P 
#162212. bi: AneM'P.D. DSP =s'CD' Pv sD“BP 

Dem. 
b.#16221.D+:Hp.3.D'S*P=3 DOP u s§O“DIP 


[40°31.493°12] = 8D “DP us DBP v s0"DP 
[40°57] =D“ BP u ODP: . Prop 


#162213, bs Awe D‘P.3. SP est" Pu “BP 
The above proposition is used in *163'22. 
The two following propositions are used very often. 
#16222, +. C°E‘P = 3'0O(P 
‘Dem. 

b . #162°21-211 . *4057.5 
b . O8S5P = sf OK O8P vu tO D (Pf — fA) v sO" — A) 4 P 
(#40°161] = s‘C““O'P. D+. Prop 
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416223, b. O'S\P=CGOP = FCP = PHP [4162-22 #422] 
4162-26. +. 3(PwQ)=S'Pu SQ 
Dem, + .#1621. 2+. 3(Pv Q)=sC( Pu Q)u FXP wu Q) 
[#33-262.%41°171.*1503] = sCP w OO v PIP w FQ 
[162-1] =S'Pw SQ. Db. Prop 
416227. +. 3'S5( Pu Q)=VSiP ow SG5Q [#162-26. #1503] 
#1623. F.S(Q)R)=Q2R 
Dem. +.#1601.DF.2(Q) B)=sC(Q| R)w FQ) B) 


> 
[¥55°15.4150°7] = UQuUR)OFQT RR 
[#53°13.%33°5] =QuRvCQTOR 
[#1601] =QLR.D+. Prop 


This proposition establishes the connection between the two kinds of 
arithmetical addition of relations. 


#16231, |. EQLSR=T(QHR) 


Dem. 
b.xl601. 31. SQSER=TQuVRICVLOYT OUR 
[#162123] =sOQu FiQu #ORy FIR (FHO™) ft (FOR) 
[*150°73] =§CQ uC Ry F3Qu Ry FO” Ff COR) 
[41-1711 60°14.%150'3.4160'1] = sC(Q4.R) w FHQ4LR) 
[¥162:1] =2(QLR). D+. Prop 


The following propositions lead up to *162'34. 
#16232, |. DSc = 8h 
Dem, + .#41°6 .#162°1 #1501. . 8S = SSO HPT 


[42-12.4150°16] = (Cn w Piste 
[41-45] = 88 FISK 
[x1 62:1] = Se. +. Prop 


#16233, F. 2'P = 8080 P uy Fis P uw PP 
Dem. §.*1621.3+. 2° 'P=sOS'P uv FIP 


[*162'23] = i OSCOP w Fi(SCP w FIP) 
[¥150°3:13] = SOROP 9 FIKOP v PUP .D+. Prop 
#162331. |. F|L=F|s|C=F 
Dem. +. #717. 3b: a(F|S)P.=.0F (SP). 
[*33°51] =.ceCS'P. 
[#16223] =.0F°P (1) 
F.aTL7 Dba (P|8|C)P.s.eF (#CP). 
(#83-51] =. ne OOP, 
[¥42°2] =.0F*P (2) 


F. (1). (2). DF. Prop 
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#162332. +. S°SIP = OSC Py FIKCP v FP 


Dem. 
b.#1621. Db. SS5PHsOSIPw FIZiP 
[#150-22-13] = EOP w (F|E)3P 
[*162'32'331] = DOP w FUP 
[#1621] = OS OP w FCP w FP D+. Prop 


#16234, -.2°S9P==2S'P [*162'33'332] 
This is the associative law for arithmetical sums of relations. 
The following propositions lead up to *162°35. 
#162341. :. CQCAR.D:2(F| Rt) Q.=.2(R|F)Q 
Dem. 
b. 871-7. #1501. Db: a(F| Rt) Q.=.0F (RQ). 
[*33°51] =.aeCRIQ Q) 
F.(1).*15022. Dt: Hp.di2(F| Rf) Q-.s.ce RC. 
[4335] oe RRQ, 
[*37°3.%32'18] .@(R|F)Q:. +. Prop 
#162°342. 1: CGA CUR.D.(F| Rt) PA=(R!F)PX 
Dem. 
b.#4118. 3b: Hp.d:Qer.d.CQCUR: 
[*162°341] D:Qer.0(F| Rt) Q.=.Qerd.0(R| F)Q:. D+. Prop 
#162343. F: OCR P COR... PRP = RIFIP 
Dem. 
+. #16223. 3: Hp.d.CsecPcadR. 
[*162'342] D.(F| RD (CP IP =(R| PP (CPP. 
[#150°32] D.(F|Rt)iP=(R| FP. 
[150-13] >. FSR+iP = RiF3P:>+. Prop 
#16235. b:OSQCUR.D.URtQ= REQ 
Dem. 
b. 162-1. #150°22.Db. SRO = RPC w FIRGQ 
[#15016] = RisC'Qu FIRTQ qd) 
F.(1).#162:343. Dk: Hp.d.S‘RtQ= RisCQu RFQ 
[*150°3.4162°1] = R3ZQ: D+. Prop 
This proposition is important, since it enables us to infer (with a suitable 
hypothesis) that if 3M is always like M when M ¢ C*Q, then the arithmetical 
sum of all such relations as RiM is like %*Q, being in fact RiZ‘Q. In other 
words, if, whenever Me (“Q, R[ CM is a correlator of RiM and M, then 


R/S is a correlator of {‘RtiQ and XQ. This proposition is analogous in 
its uses to the proposition 


ill 


st Ref = Rs“, 
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which is #4038. In general, in obtaining relational analogues of cardinal 
propositions, R‘‘« is to be replaced by RQ, Re by Rt, ands by =. When 
these substitutions are made in s‘Re“« = R“s‘x, #162'35 results, except for 
its hypothesis. 

If we regard RiQ as a kind of product of R and Q, *162'35 becomes 
a distributive law. For it asserts that if we multiply each member of C‘Q 
by R, and then sum the resulting products, we get the same relation as 
if we first sum C‘Q, and then multiply by R. The following application 
of *162°35 to the sum of two relations makes its distributive character more 
evident. 


416236. b:C\PUCQCHR.D. RIPLRIQ= RUPLQ) 


Dem, 
f.*1623. D+. RIPLRIQ==((RIP) | (R3Q)} 


[#150-1-71] = SRP | Q) (1) 
F. (1). *162°35.Dt:Hp.d. RIPHRIQ= RiZ(P | Q) 
[¥162:3] = RP4Q):D+. Prop 


This proposition can be extended to any finite number of summands. 


#16237. bigid.g!w.D EAT w) = Sahay 


Dem. 
b.#35°85'86. Db: Hp.d.C(raT py=rAup, 
[#162°1] D-SAT BW) =HAY pw) UO FHA F py) 
[41-171.#150°73] = sr sw (FR) f (Fp) 
[#41°45.2%40°56] = srw Sy wo (OGD) F (O88) 
[*160°1] =$X#S pw: D+. Prop 


#162371. Fi gta.d.2atvQ)=sahQ [#16237 . 453-04] 
#162372, b: qt @.d.5(UP) tT A= PLIEB 
#1624, F.StASA 


Dem. : 
b.33-241 441-21. Db.SCAHA (1) 


b. #15042. DF. FiA=A (2) 
F.(1). (2). 1621.54. Prop 
#16241. F.S(ALA)=A 
Dem. a . 
b.k1623. 3+. 5(A,A)=AA 
[160-21] =A.>+. Prop 
#16242. big! S*P.e. qi seCP.=.qiOP—UAh 
Dem. 
F. 162-23 433-24. Db Gq lEP. 
[#41-26] 


Els. 
gicP—uA 


i ut 
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#162°43. 
Dem. 


brat P.>.2(P4R)==!PLR 


F. #16226. #1611. DE.E(P R)=VPwL(CP PR) (1) 
F. #162371 «433-24. Db! P.D. EOP PUR) =sCPAR (2) 
+. (1). (2). #1601.5 

FrHp.d.2(PpR)=2P vu sOP yu Ry (CHOP) t Or 
[#162°1:23] =r Pu Ru (OeP) TOR 

[#16071] =Z‘PER:D+. Prop 


#162431. big! P.D.E(Re P)=REEP [Proof as in ¥162'43] 


Observe that in *162'43:431, P and R must be of different types, in fact 
A must be of the type to which members of CP belong. +#162'43°431 are 
often useful. 


*162°44, 
Dem. 


#*162°45. 
Dem. 


b.S(P + A)=S(AG P)= EP 


.#162°43 . DhiG!P.d.3¢P pA)= SOPRA 
[#160°21] = S'P qd) 
b. #33241. 8588.3: P=A.D.CPTUA=A. 

[162-4] D.S(CP FuA)=A. 
[#25°24] D.SP= iP wu S(O fut) 
[#162-26] ==(P uP tutA) 
[*161-1] =E(P +A) (2) 
b.(1). (2). Db. 3(P pA=SP (3) 
Similarly +. 2(A¢d P)=2P (4) 
F.(8).(4). 3+. Prop 

biqiP.SP=A.=.P=AJA 


b. #16242. Db: S(PH=A.=.0°P Curd. 


[¥33°16] -DPCuvA.aPCUA (1) 
+.#83-24. DE:gqiP.s.qiDP.qgi CP (2) 
k.(1). (2). 4514.3 

big! P.SP=aA.s.D‘PaA. Pad. 

[#55°16] =.-P=A JA:>+. Prop 


The above proposition is used in «174162. 


#163. RELATIONS OF MUTUALLY EXCLUSIVE RELATIONS 
Summary of #163. 


In the present number we have to define mutually exclusive relations, 
and to give a few of their properties. Mutually exclusive relations play 
much the same part in relation-arithmetic as mutually exclusive classes play 
in cardinal arithmetic. Prima facie, there are various ways in which we 
might define them. We might define P as a relation of mutually exclusive 
relations when : 

QPR.Q+R.D92-QAR=A, 
or when Q, ReCP.Q+R.D92-.QAR=A, 
or when 
Q, ReOP.Q4R.D9e.2-DQnDR=A.dQnAR=A, 
or in several other ways. But in fact the most useful property to choose 
is the property that any two members of the field have mutually exclusive 
fields, #.e, 
Q ReOP.QtRh.Don CQOORERA. 

The principal applications of the subjects studied in this Part are to series, 
and in series it is always the fields of the relations that are important. We 
want, for instance, to define relations of mutually exclusive relations in such 
a way that, if P is a serial relation, and every member of C*P is a serial 
relation, then =P is a serial relation. For this purpose it is necessary that 2‘P 
should be contained in diversity, which requires that F}P should be contained 
in diversity, i.e. that 

QPR .De,n-CQ0CRH=A. 
If P is a serial relation, as we are supposing, this is equivalent to 
Q, ReOP.QtP iden. C8QnOR=aA. 

Again we want to define relations of mutually exclusive relations in such 
a way that, if P and @ are two such relations, and P and Q have double 
likeness (cf. #164), then %P is like ‘Q; i.e. if we are given a correlator S of 
P and Q, and for every M and N which S correlates, we are again given 
a correlator, then =P is to be like ‘Q. That is, if \ is the class of relations 
which correlate pairs of relations M and NW, where Ne C‘Q. MSN, we want 
8% to be a correlator of P and Q. Now this requires that §\ should be 
a one-one relation, which requires 

M,M’ cP. M+M’' .Dyw-DMo DM =A.TM nT’ =A. 
This is secured by 
MM’ ce OP .M+M' Dag OM on CM'= A, 
but except for special classes of relations it is not secured by 
MPM’ .Jyw OM n COM’ =A, 
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since there may be two relations M and M’ which both belong to the 
field of P, but of which neither has the relation P to the other. Again, the 
analogy with cardinal arithmetic fails at many points unless, when P is 
a relation of mutually exclusive relations, CCP is a class of mutually 
exclusive classes. But this is not secured by any of the other possible 
definitions we have been considering. There are further reasons, connected 
with the arithmetical product of a relation of relations, for choosing as the 
definition 
Q, ReCP.QtRh.den-CQACR=A, 

From a technical point of view, the properties of a Cls?exel depend mainly 
upon the fact that when « is such a class, ebweCls—y1 (#8414); in like 
manner the properties of a Rel? excl depend upon 

FE CP eCls—r1, 
which requires our definition, and is equivalent to it (#163°12), We thus 
become able to use the propositions of #81 on selections from many-one rela- 
tions, which would not otherwise be the case. 

It should be observed that 

Q, ReCP.QtR.don-CQnCR=A 
is not equivalent to 
C“C«P ¢ Cis? excl, 
though it implies this. The converse implication will fail if C‘P contains 
two different relations with the same field. Fg. take a relation P whose 
field consists of the four relations 8, 8 f, f, and suppose O'Sa (‘T= A. 
Then OKOCP =°CS vlC'?, and OCP eCls*excl. But unless S=S and 


T=T we shall not have 
Q, Re CP .Q+R.D0,2-CQnCR=A. 

The property by which we define relations of mutually exclusive relations 
is a property which only depends on the field, so that we might equally 
well put 

(ClRel) excl =X (Q, Rer.Q+ BR. Don sCQnCR=A} Dt 
But for our purposes this would be less convenient than the definition of 
Rel? excl. 

We thus put 
#16301. Reltexcl =P {Q, Re OP.Q4tR.Dean-CQaCR=A} Df 

We have 
*16311, bs. PeRePexcl.=:Q,ReCP.qiOQnOR.202-Qa=h 
#16312. +: Pe Relexcl.=.F[} CP eC 1 
*163-17. +: Pe Relexcl. =. Of O}Pel—1. OOP ¢ Cls? excl 

Any of the above might have been used to define Rel’excl. The following 
propositions are important. 


a 
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#163'3. +: Qe Rel?excl ..S eCls—1.3.StQ¢ Rel excel 

This is the analogue of #8453. 
#163441. +. A, P | Pe Reltexcl 
#163441, +: P, Qe RePexcl. CRP n OVQ=A.D.PHQe Rel’ excl 
#163461. t: Pe RePexcl. C°SSPan CO R=A.D.P +B Rel excl 


#16301. Relexcl =P (Q, Re O'P.Q+R- Don CQnOR=A} Df 

#1631. b:. PeReltexcl.=:Q,ReCOP.Q+$Rh.d07-CQnOR=A 
[(«163-01)] 

#16311. f:.PeReBexcl.=:Q,ReOP.qiCQnOR.d92:.Q=R 
[*163'1. Transp] 

#16312. +: PeRePexcl.=.F[ C’PeCls—o1l [#163°1 . *74°632] 


For many purposes, this proposition gives the most useful equivalent of 
Pe Rel? excl. 


Instead of the above proof, we may use *74'62, which gives us the result 
in virtue of ¥83°5. 


#16313. b:. Pe RePexcl. 3: 
QReOP.Q+R.d92-DQnDR=A.TQnTR=A 
[#24402 . *163°1] 
*163-14, +: PeRePexcl.D.OfC\Pel—y1 [#163:12 . #7432 .%83°5] 
#16315. +: PeReltexcl. >.D[ O‘P,Tp OC Pell 


Dem. 
b. 47468 .416313.>+:Hp.>.(e|D)P OP eCls 1. 
[#7432] >.e|DP Pell. 
[#72-27] >.DPOPel—i a) 
Similarly F:Hp.3.afPCPel—l (2) 


b.(1).(2). Dk. Prop 

*16316. |: PeRelexcdl.3.0%C*PeCls’excl [84°51 . *83°5 . *163-12] 

#16317. +:PeRelexcl.=. Oh C\Pel—+1.C“O'Pe Cls*excl 
[168-12 . %84°522 . %33°5] 

*163-2. +: PeReexcl.>. DP Fs'CPel +1. FCP C11 
[¥81-21-1 . 163-12] 

*163-21. t+: Pe Rel*excl. >. D“F4‘C*P = Prod‘O“O'P 

Dem. 
+ 85-1 2 i 1416312. DF: Hp. Ds D“ Py OP = Dey POOP 


[#115°1.483°5] = Prod‘O“C'P 2+. Prop 
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This proposition is important in connection with the multiplication of 
relations, for we shall define as the product of a relation P (whose field 
consists of relations) a relation whose field is D“Fa‘C‘P. Thus by the above 
proposition, whenever P is a Rel? excl, the field of its product is the product 
(in the cardinal sense) of the fields of its field, just as the field of its sum is 
(by *162'22) the sum of the fields of its field. 


#16322. +: PeReltexcl. Awe O'P.D. 
> > 2 =e 
BOs«P = BUBP. BCnvS'P = B“Cnv“ BYP 


Dem. 

b . €16223°213.493-103.D k: Hp. >. BSP = FOP — sO P — BP 
[40:56] = POOP — POOP — BP 
[#71-381.437-421.4168-12] = FOP — OP) — BP 
[*40°56.%93-103] =sOBP—sA“BP (1) 
b.#16311. hi: Hp.d:.QeBP.2e0Q.3:ReBP.aeUR.D.R=Q. 
[¥13°12} D.weT'Q: 
[%40°4] dines" BP. >. 06 A'Q: 
[40°13] Dives CBP. =.260Q (2) 


+. (2).4582. bt. Hp.d:QeBP.ce0Q.avesCBP.=. 
QeBP.ne0'Q.aneAQ: 


> > > 

[*10°281.#40°4.493°103] D 2a esO" BP — s UI BP .=.(qQ).QeBP «BQ. 
> 
[437-1] =.ae BOBEP (3) 
> => 

F.(1).(8). Db: Hp.3. BSP = BOBP “4 (4) 
b. (4) «4162-2. #3322 .#1631 DS Hp. >. BCnv'S‘P = BB Cavs P 
[151-65] = B“Cov"BP (5) 


F.(4).(5). Dt. Prop 


#1633. +: QeReltexcl. Se Cls+1.3.S+5Q Rel? exel 
Dem. 

b.#72-421. >t: Hp.d:M,NeC'Q. q18"O'M on SON. -G1OM AON. 
[#163:11] >.M=N. 
[*30'37} >.S¢M=StN (3) 
F.(1).#150°202.>t:.Hp. >: 

M, Ne CQ. qi C(StM)aC(StN).3.StM=StN (2) 
F.(2).#16311.4. Prop 


#16331. +: 0°P=0Q.3:PeReFexcl.=.QeRePexcl [*163'1.#13:12] 
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#163311. Fs. C°Q=Cnv“O'P. 3: Pe Rel? excl. =. Qe Rel? excl 

Dem. 
b.#72513.3b::Hp.d:U,NeCP.=.M,NeCQ: 


[«31-32] D2, NeOP.M4AN.s.MNeCQ. MEN 
[433-22] DM, NeOP.MtN.D.CMACN=At=: 

M,NeCQ.M4N.D.CManON=AAn 
[#11°33.4163'1] D:.PeRelexcl.=: 


M,N eCQ. MEN Dy ye OM nON=A: 
:M,NeCQ.M+N. Dy y.OMnON=A: 
: Qe Rel? excl :: D+. Prop 


[*31°51] 
[#1631] 


#16332. +: PeRelexcl. =. Pe Rel excl. =.CnviP ¢ Rel’ excl. =. 
CnviPe Relexcl [*163'31'311 . #83°22 . #150-22'12}. 
#€163°33. +: PQ RePexcl.=.QtPeRel’excl [#163'31 . *160-14] 


*163'331. +: P+ Re Relexcl.=.R + Pe Rel exel 
[#163°31 . *161°14°2°201] 


#1634 +. Ac Rel’excl 


Dem. 
b . 433-241. #24105. DE. (Q). Qre CtA. 
[*11°57] D+.(Q,R).Q, Rr OA. 
[¥11-63] DE:Q, ReCA.Q+R.Don-CQaOR=A (1) 


F.(1).#163:1.>4. Prop 


#16341. +.P | Pe Relexel 
Dem. 
F. #5425 .#55°15.D+.C(P | Pel. 
[*52°41.Transp] Dt.«(qQ,R).Q,ReC(P | P).Q+Rk. 
[*11°63] DE:Q, ReC(P YL P).Q+R.d0n-CQaCR=A (1) 
+. (1).#163:1. 3+. Prop 
#16342, +:.P | Qe RePexcl.=:P=Q.v.0°PaCQ=A 
Dem. 
+. ¥163:1 2 #55°15 .D 


Fs. P| QeRePexcl.=:M,NevPucQ.M+N.Dyy OMnCN=A: 
[54°44] =:P=Q.v.CPaCQ=A.0QnOP=A: 
[22°51] =:P=Q.v.CPanCQ=A:i. DF. Prop 


The above proposition is used in *251'22. 
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#16343, +: Pe Relexcl.QGP.D. Qe Rel’ exel 


Dem. 
+.433°265.+:.Hp.d:M,NeCQ.2.M,NeCP: 
[Fact] D:M,NeCQ.M+N.9.M,NeCP.M+N: 
[*163:1.Hp] D.CMnCN=A qd) 


F.(1).#163°1.5 4. Prop 
¥163.431, F: Pe Rel?excl. >. RiMPC Relexcl [#163°43] 


#16344. +: P4Qe RePexcl.=. 
P,Q Rel’ excl. s§O“O'P n s'C*(C'Q- COP) =A 


Dem. 
+, #16312. *16014. +: PRQe RePexcl.=.FI(CPu CQ) eCls1. 
[&74°821] =. FLOP, FE CQeCls 1. FOC Pn FO(CQ~COP)=A. 


[#163°12.440°56] =. P,Q eRelexcl . 860 OP nsO“(C'Q—C'P)= Art. Prop 


#163441. t : P, Qe Rel? excl. O°2'P n OSQ=A.D.PAQe Rel? excl 
[#1 63-44. ¥162-22] 


The above proposition is used in #173°26. 


#163442, F:. CSP a OQ=A.3: 
% PAQeRelexcl.=.P, Qe Relexcl. CUSPACZQ=A 
em. 
+. 424313. +: Hp.>.0Q-OP=0°Q (1) 
F. (1) .#163-44 . #16222. +. Prop 


#16346. +: P+ ReRelexcl.=. Pe Reltexcl. sC“(CP—-UR)nCR=A 
Dem. 

F. #16114. #16312.) 

Fig! P.>:P+ReRelexcl.=. Ff (C\Put'R)eCls 1. 

[#74°821.%53'301.433°5] 

=. FP CP, Fh tReCls—a1. PCP -UR) a CR=A. 


[#35°10L.4e71171] =. FP CPeClh 1. F(CP-UR)nOR=A. 
[#163°12.440°56] =: Pe Relexcl.s'C*(OP—uR)nCR=A (5) 
F.#161-2.#163-4.3+:P=A.>.P +4 Re Rel? excl. Pc Rel excl (2) 


+. #33-241 . #3729 #4021. 6: PHA. .O(OCP-—UR)OOR=A (8) 
+ .(2).(3).Comp.#51.3t:.P=A.D: 

P+ Re Relexcl.=. Pe Relexel .sO“(CSP—UR)n OR=A (4) 
F.(1).(4). DF. Prop 


#163451. +: Pe ReP excl. CS2SPaCR=A.9.P + Re Rel’ excl 
[163-45 .*162'22] 


The above proposition is used in *173°25. 
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#163452. b:. ReoeOP.3: P+ Re Rel’excl.=. PeRel*excl. CoS‘ PnOR=A 
[#51°222 . 16345 . ¥162°22] 

#16346. +: Re PeRel?excl.=.Pe Rel? excl. sO" (C'P— SR) n COR=A 
[¥163-45-331] 

#163461. +: Pe Rel’excl. C°SSPanCR=A.3.R¢ Pe Rel? excl 
[¥163-451-331] 


#163462, bs. Rve OP. 3: Re-PeReltexcl.=.Pe Rel? excl. C°E(PaOR=A 
[¥163°452°331] 


#164. DOUBLE LIKENESS 
Summary of #164. 


The subject of this number is of great importance throughout relation- 
arithmetic and its applications. Double likeness, or double ordinal similarity, 
is a relation which is to hold between P and Q when (1) P and Q are like, 
(2) correlated members of the fields of P and Q are like, with a specific given 
correlator in each case. (It is necessary, in general, to have a given correlator 
in each case, to avoid the necessity of the multiplicative axiom for selecting 
among correlators.) This definition can be somewhat simplified by starting 
from a relation correlating &{P and =‘Q. If 8 is such a correlator, so that 

Sel 1. AGS= OQ. SP = Si5Q, 
we want Sto be such that it not only correlates the whole of £‘P with the 
whole of =‘Q, but also correlates each member of O‘P with the corresponding 
member of CQ, 1.6. such that, if NV is any member of OQ, SiN is the 
corresponding member of C‘P. This requires 

NQN'.=.(SiN) P (SiN), 
ie. writing SN, St*N" in place of SiN, S5N’, it requires 
P=S+3Q. 
When P= S+3Q and U‘S = 0°%Q, we have 2°P = S5E'Q by *162'35. Hence 
double likeness will subsist if there is a relation S such that 
Sel +1. 0'S= OQ. P= Stig. 

A relation § fulfilling this condition will be called a double correlator of 
P and Q. Thus two relations P and Q have double likeness when there 
exists a double correlator of P and Q, 7.e. when 

(GS). Sel 31.18 = OSQ. P= Stig. 
A double correlator of P and Q isa relation S which is a correlator of <P 
and 3‘Q and is such that St} OQ is a correlator of P and Q. 

It will be seen that this definition has the usual analogy to the corre- 
sponding definition in cardinals (#11101). The two inverted commas of the 
cardinal definition are replaced by the semi-colon, and S: is replaced by St, 
and s‘d is replaced by =‘Q or C°Z‘Q. The propositions of the present number 
consist largely of analogues of the propositions of *111, in accordance with 
the above substitutions. 


If it were not for the difficulty of choice among correlators, we could 
define two relations as having double likeness when they are like relations of 
like relations, .e. when, if P and Q are the two relations, they have a corre- 
lator § such that, if MSN, then M smor N. In this case, Se P smor Q n Ri‘smor. 
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Thus we have to consider the relations of the class Psmér Qn Ri‘smor to the 
class of double correlators, and we have to consider the relation of the relation 
“iq! Pamor Qo Ri‘smor” to the relation of double likeness. The propositions 
to be proved on this subject in the present number are analogous to the 
propositions of #111. But at a later stage (*251°61) we shall show that if 
the field of P consists entirely of relations which generate well-ordered series, 
then the use of the multiplicative axiom ceases to be necessary in identifying 
double likeness with the relation q!Psmor Qn Ri‘smor, the reason being 
that two well-ordered series can never be correlated in more than one way. 


Our definitions are 
416401. Psmot sot Q= (1 1) nOO'SQn S(P=St5Q) Df 
*164:02.  smorsmor= BQ (q ! P smor smor Q) Df 
The principal propositions of this number are 
#16415. |+:S ¢ Psmorsmor Q.=. Se 3‘Psmor SQ. (St)f C‘Qe Psmor Q 
whence 
#164151. ft: Psmorsmor@. 2. 5‘Psmor 3‘Q. P smorQ 
¥16418, +: Sf CS‘Qe Psmor smor Q.=. 
SPOLV’Me 11. OSQCAS. P=StiQ 
This is usually the most convenient proposition when a double correlation 
has to be proved. 


#164:201:211'221. Double likeness is reflexive, symmetrical and transitive. 
#16431. +: 8 ¢ Psmorsmor Q.=. Se(CO'P) sm om (C“CO'"E). P=StiQ 

(Cf. note to *16431, below.) 

We then have a set of propositions (*164'4 to the end) on the identifi- 
cation of q!PsmorQ@nRi‘smor with double likeness by means of the 
multiplicative axiom. We have 
#16443. +: P,Qe Rel? excl. Se Psmor Q. 

w= GN). Ne CQ.X=(SW)smor N}.D: 
Reesu.d.sD'Re Psmor mot Q. S=(sD‘R)t P CQ 

That is to say, given that P and Q are like relations of like mutually 
exclusive relations, if we can pick out one correlator for each pair of correlated 
members of C‘P and C*Q, then the sum (8) of such selected correlators is a 
double correlator of P and Q. Hence, observing that if S is a double correlator 
of P and Q, (St)P C*Qe Psmor Qn Ri‘smor (#164°15°16), we arrive at 
#16445. + 2: Multax.3:. 

P, Qe Rel excl. 3: q! Psmor Qa Ri‘smor. =. P smorsmor Q 

From *16443 we deduce also 


SECTION B] DOUBLE LIKENESS 367 


#16446. +:.Multax.3: 
P, Qe Rel excl. ! Psmor Qo Ri‘smor. 3. E‘P smor EQ 
#16448. +:. Multax.3: R, Se Rel excl n NrQ.C'R, CSe Cl Nr'P. >, 
Rsmor smor S. 2*R smor 349 
Ze. in effect, assuming the multiplicative axiom, if two series ([‘R and 
28) can each be divided into @ sets of a terms (a, 8 being relation-numbers), 
then the two series are ordinally similar, and the @ sets in the one case have 
double similarity with the @ sets in the other. (Here we have written a, 8 
in place of the Nr‘P and Nr‘Q of the enunciation.) 


It is by means of the above propositions that ordinal addition and 
multiplication are connected, as will appear in *166. 


16401. P snot smOF Q=(1 > 1) n GOS'Q nS(P=StiQ) DE 


#16402. smorsmor = ia) (q! P smor sor Q) Df 
#1641. +:SePsmorsmorQ.=. Sel 1.08 = C2'Q. P= Stig 
{(¥16401)] 


#16411, +: PsmorsmorQ.=.q!Psmorsmor@ [(#164-02)] 


#16412. +: PsmorsmorQ.=.(qS).Se1—+1.C0'S = C'S‘Q. P = StiQ 
[1641511] 


#16413. +: SPOS Qel 1. CBQCAS.3.(Sp)PCQelo1 
[#150°152 . 162-22] 


#164131. F: SS =O°3'Q. P=St3Q. 3. DS = OUP. UP = SIZQ 
b.#16235.3+:Hp.3.2'P=SidQ qd) 
[¥150°23.Hp] 2.C2'P=D‘s (2) 
F.(1).(2). +. Prop 

#16414, b:SeP stor stor Q. >. Se XP amor SQ [#1641181 . #1 51-11] 

The two following propositions are required for proving #164'18. 

#164141. Fs CSQCa.d.(Tha)tiQ=TtiQ [¥150°171 . #16222] 

#164142. b.(LPOSO)HQ=THQ= (THE CQHQ [#164141 . #15032] 

#164143, |: Se Psmor smor Q. 3. (St) C’Qe Psmor Q 


Dem. 
1641-13. Db:Hp.d.(SHPCQel1 (1) 
b.#85-65. Dr. GSH) P CQ = CQ (2) 
+. #1641 . #15032. DF: Hp.>. P= (SPP cQ}ig (3) 


F.(1). (2). (8). #15111. 5F. Prop 
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¥16415. b: Se P amor siot Q.=. Se B‘P amor EQ. (SH } OQ  Pamor Q 


Dem. 
b.*16414143.5 
b 1 Se Pamor amor Q. D. Se SP amor BQ. (SHPO e Pamar Q (1) 
F.xl5111.5 
b:SeX*Psmor BQ. (SH) fC Qe Psmor Q.. 
Sel 1. AS= CEQ. P= (St) P CQ}3Q (2) 
fF . (2). #15032. #1641 .5 
b: Se 3‘P sir 3°Q. (St) f O'Q ¢ P sito? Q. >. Se Paior smior Q (3) 
F. (1). (8). DE. Prop 


#164161. +: PsmorsmorQ.>.3'Psmor 3‘Q.PsmorQ [#164-15'11] 
416416. +: Se Paws? sno? Q.>.(St)P CQ Esmor 


Dem, 
b. 85101. 1501.3: M {SPP CQ} N.=.NeCQ.M=SiN (1) 
bk, #1641. *16222.5+:.Hp.d:Sel—+1:NeCQ. dy. CNCAS: 
[#15123] 2:NeCQ.M=SiN.Dy,y.MsmorN 
[(1)] 3: M ((St)f CQ} V.3y,y-Msmor V:. 5+. Prop 


#16417. +: PsmorsmorQ.>.q! Psmo¥ Qa Ri'smor [*164143-16] 


This proposition states that when P and Q have double likeness, there is 
a correlator of P and Q which couples like with like relations; ie. if S is the 
correlator, then, if MSN, M and N are ordinally similar. The converse of 
this proposition, namely, that if P and Q have a correlator which couples 
ordinally similar relations, then P and Q have double likeness, can be proved 
if the multiplicative axiom is assumed, but not otherwise, except in special 
cases, such as that of well-ordered series. 


The following proposition is used frequently, owing to the fact that, in the 
cases we are concerned with, double correlators generally have the form 
ST C*2‘Q, where S is some relation for which we have (y). E1 Sty. 


#16418. +: SP C°S'Qe Pamor mor Q. =. 
SPOSQel 31. CSQCAS. P=SHQ 


Dem. 
b . #8564 . #22621. Db: USP COQ) = OQ. =. CRQC AS (1) 
b.*164142. Db: P=(Sf CUQ)PiQ.=.P=StiQ (2) 
be xl641. DF: SPCSQe P amor amor Q. =. 


SP OSQel +1. ASP OQ) = CBQ. P=(SPOLZOHQ (8) 
F.(1).(2).(3). DF. Prop 
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«164181. F : PsmorsmorQ.=.(qS). SPOR Qel 1.08 QC AS. P=StiQ 
Dem. 
#3566. #1641. 5 : 
b:Se Psmorsmor Q..SPCOUQel 1. CUVQCdS.P=StiQd (1) 
b. (1). #16411. 
+: Psmorsmor Q.>.(qS).SPOSQe lw 1.CBQCAS. P=StiQ (2) 
b. #1641811 .> 
bs (gS). SPOS Qel 1. C°SQCAS. P=St3Q: 2. PsmorsmorQ (3) 
F.(2).(8). 5+. Prop 
The following propositions are concerned in proving that double likeness is 
reflexive, synimetrical, and transitive. 
#1642. +.TP C'2*P e Pamor smor P 
Dem. 
b. #151121. 5+. TPOSP e SP smor &P . If OP e Pamor P () 
b.#35°101.*1501.9 
bi M{(IP OSPF PCP} N. 
[#150'33.%162°22] NeOP.M=IiN. 
[*150°53] MIP OP) N (2) 
b.(1).(2). Db. IP CSP e BP amor YP «(IP CSP) } OP e Psmor P. 
[#16415] DF. Prop 
#164201. +. PsmorsmorP [*164:2711] 


*16421, +: SePsiior smor Q.=. Se Qamor amor P 


NeOP.M=(IPOSP)iN. 


Dem. 
F.#1641 .*71'212.3h:Se Pamor smor Q.5.Selo1 dQ) 
b.a&l64181-1. D+:SePsmorsmor Q.3.0‘S= CS‘P (2) 


F. #15094. #1641. #16222. +: Se PsmoramorQ.>.Q=SHP (3) 
bo (1). (2). (8).#1641. Dh: Se Pamorsmor Q.>.SeQsmorsmorP (4) 


Ore Db: Se Qaiior simor P.D.Se PamorsmorQ (5) 


F.(4).(5). 34+. Prop 
#164211. +: PsmorsmorQ.=.QsmorsmorP [«164°21:11] 


#16422. +:Se Psmorsmor Q.T ¢Q smor smor R.D.8| Te Pemor smor R 


Dem. 
F. «1641. DF:Hp.d.8, Feil. 


[x71-252] >.8|Pel—1 a5) 
F.#1641131.3+:Hp.>. 0S = OSQ. DT = OQ. 
[*37°323] >.d(S|D=a7, 

fel 64-1] 2. (S| 1) =CUR (2) 


R&w Il 24 
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b. #1501314. 9+ .(S| Ht R= STIR (3) 
b.xl641. Db: Hp.d.THR=Q.S8HQ=P (4) 
+.(8).(4).  DkiHp.>.(S|DtiR=P (5) 


F. (1). (2). (5). #1641. 3+. Prop 
¥164:221. +: Psmorsmor Q.Qsmorsmor #.2.Psmorsmor R [*16422°11] 
#16423, +:.Psmorsmor Q.3: Pe Rel?excl.=.Qe Rel? excl 
Dem. 
b.*16412. Dt: Hp.d:(q7).Te1>71.d7=03'Q. P=THiQ: 


[*163'3] 2: Qe Rel?excl. >. P ¢ Rel? excl (1) 
b.(1).#164211.5+:.Hp.3: Pe RePexcl. > .Qc Rel? excl (2) 
b.(1).(2).F. Prop 


#1643, +:SePsmorsmor Q. 3.8 (O“C'P) sm sm (CCQ) 
Dem. 
bf #1641. #16222. 5+: Hp.d. Sel 1. 0S = s'CO'°E. P=StiQ. (1) 
[#150931] D. COOP = Se CHOKD (2) 
F.(1). (2). #1111. 94. Prop 
#164301. | : PsmorsmorQ.>.C“C’Psmsm C“C%Q [#164311 . #1114] 
#16431. +:S¢ Psmor smorQ.=. S(O C*P) am om (0“0Q) . P= StiQ 
Dem. 
b.¥1643:1.5 


F: Se Pstior smor Q. >. S¢(C“C'\P) am sm (C“O'?Q). P= StiQ (Q) 
by x11. #16222. 

Fs Se(O“OP) am am (C“O').D.Sel1 31. AS=CSQ (2) 
+.(2). Fact #1641. 

bk: Se(O“O*P) ami ami (O“C'Q). P= StiQ. >. Se P amor amor Q (3) 


F.(1).(3). 3+. Prop 

This proposition has the merit of reducing the ordinal element in double 
likeness to a minimum. The proof of 

Se (CCP) sm sm (CCQ) 
is a cardinal problem, and what has to be added for ordinal purposes is merely 
P=StiQ. 

#16432. +. Ae(Asmor smor A). Asmorsmor A 

In this proposition, the various A’s need not be of the same type. Hence 
“ A smor smor A” is not an immediate consequence of «164201. 

Dem. 


b.#721.41624. DE.Acl391.d A= OSA (1) 
b. #15042. DF.A=AiA (2) 
b. (4). (2). %1641. 5+. Ae (A smor smor A). (8) 
[*164-11] >. Asmorsmor A (4) 


F.(8).(4). DF. Prop 
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416433, +: Me Pamor R. Ne Qsmor S.0°P nO Q=A.CRACS=A.D, 
Mw Ne(P | Q) amor amor (R | 8) 


Dem. 
F.#16047, Db: Hp.d.Mw Ne(P4Q)smer (RAS). 
[#162°3.4#151-11] .MuNel71.0(MoN)=CS(RIS) (1) 
b.¥15032. Dk:Hp.>.(Mu N)iR= (Mw N)P CORR 
[#35°644.%150'32] = MIR 
[#15112] =P (2) 
Similarly t:Hp.2.(Mw NiS=Q (3) 
F.¥150°711.3+:Hp.d.(Mw N(R 1 S)={(Mw NR} | (Mo N38} 
[(2).(3)] =PJ\Q (4) 


b.(1).(4). #1641. 35. Prop 
*16434, +: PsmorR.QsmorS.CCPaCQ=A.CRaCS=A.). 
PJ {Qsmorsmor RLS 
(#164°33-11 . #15112] 

The following propositions are concerned in showing that, if P and Q are 
like relations, and the correlator of P and Q is contained in likeness (we. 
correlates relations which have the relation of likeness), a correlator being 
given for each pair of relations coupled by the correlator of P and Q, then 
the logical sum of such correlators isa double correlator of P and Q, provided 
P and Q are relations of mutually exclusive relations. That is, assuming 9 
to be the correlator of P and Q, and assuming that S‘Nsmor NV whenever 
Ne CQ, let it be possible to choose one correlator out of the class of corre- 
lators (S‘N’) smor N, for every N which belongs to C‘Q. That is, assume that 
it is possible to make a selection from the class of classes of correlators. 


If » is such a selection, then sy will be a double correlator of P and Q, if 
P, Qe Rel? excl. 


The following propositions, down to *164°421, are lemmas for #164°43. 


#1644. bt. We 0"Q. Dy. RN e (SN) amor Nd. UH ROCOQ=OVQ 
Dem. 


bewdd-44. Db. OER = 3 TRO? (1) 

F#l5111.3b:.Hp.d:MeCQ.3.0RN=ON: 

[*37°68] 3: REO" = O8O'?ED (2) 

F.(1).(2). Db. Hp. 3: Us RO*™D = 8 O8OKQ 

[#162°22] =C°S'Q: 3+. Prop 
¥16441. bs. Qe Reltexcl: Nc OQ. Dy. R‘N e(S*‘N) amor N:D. 

sROCQ]e1—>Cls 
Dem. 
b.#l5L11.3b:.Hp.o:MNeCQ. qi GRMad‘RN.D. 
qt OM ACN. 
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#164411. 
Dem. 


#164412, 


#164413. 


Dem. 


#164°414, 
#164°42, 


#164421. 
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[#163°11] >.M=N, 
[*30°37] >.RM=RN qd) 
b.#15111.3b:.Hp.3:MeCQ.>.RMel—1 (2) 


b. (1) .(2).#72'32.9+. Prop 
F: S3Qe Relexcl .SPCQel>1.Hp #1644... #R«CQeClsa1 


b.#l5L11.3b: Hp.d:U, Ne CQ. giDRMa DRY .D. 


Ai CSM n CSN. 
[#163°11.4150°22] 2. SM= SN. 
[71-532] >.M=N. 
[#30°37] >.RM=RN (1) 
b.xl5L11.3+:Hp.3:MeOQ.3.RMel—l (2) 


F.(1).(2) «#72321... Prop 


Fs. S3Q, Qe Rel?excl. Sf CQel—1: 
NeCQ. dy. RN ce (SN) smor Ni 3. #R“CQel 1 
[#164°41°411] 
bi. Hp #l6441.9: 
NeCQ.d. RN =(#R CQ) PON SN = (RECON 


F.4118. DE: Hp.MeOQ. 9. RN EKR“CO. 


[72-99.4164-41] D. RN =(# ROR) PORN 
[¥151-11.Hp] =(#RCQ PON (1) 
b.x15111.>b:Hp.MeCQ.3. SN =(RNIN 
[(1).#150°32] = (#&ROOQ)IN (2) 


b.(1).(2).5F. Prop 
+: Hp#*16441.3. 859 =(s RCQ)tIQ [#164413 . #150135] 


F:.Q, SiQe Reltexcl. Sf C'Qel—>1l: 
NeCQ.3y. RIN e(S‘N)smor V:3. 
#R“O'Q ¢ (SiQ) sthor amor Q [¥1644-412-414-1] 


F:. P,QeRelexcl. St C'Qe Psmor Q: 
NeO'Q. dy. RN e(S‘N)smor N=. 
sR“CQe Psmor smor @ [*164-42] 


The following proposition, besides being used in proving all subsequent 
propositions of this number (except *164'432-433, which are mere lemmas for 
¥164'44), is used in *251°6, in the theory of ordinal numbers. 
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#16443. |:. P, Qe Rel?excl. Se Psmor Q. 
=D ((qN). We CQ. = (SN) Sthor N}.D: 


F Rees(u.d. sD‘ Re Psmor smor Q. S = (D*R)F PF OQ 
em. 


b .#83'2'22. 5h: Hp. Reea‘u.D fs 
NeCQ. >. RY(S‘N) amor NV} e (S\N) smor Vi sD'R= Rw (1) 
b.(1).Dki Hp(1). P=rW [We CQ. 4 = (S*N) Smor N}.: 
NeOQ.2. RUN (SN) amor NV: #D'R= RETR: (2) 


4g BIL 
[ «108 42 


]>ssDeRe P amor stor Q (3) 
b, (2). #164413 BUF #5111. ¥35°71. :Hp(2) «D.S=(sD‘R)EPOQ (4) 


F.(8).(4). DF. Prop 


#164431. F:. P, Qe Rel excl: (qS). Se PsmorQ. 
q! es (qi). We OQ. X= (S*N) Smor N} : >. Psmorsmor Q 
[163-4911] 
#164432. k: Se Psmor Qa Ri‘smor. >. 
Anved ((qN). We CQ. X= (StN) smoF N} 


Dem. 
F.#15L11.3+: Hp.d:VeOQ.5.NeAaS. 
{*71°31] >.(S*N) SN. 
[Hp] >.(SN) smor NV, 
[#151712] >.q!(StN)smor V:.>+. Prop 


#164433. + :.Multax.3:Se Psmdr Qn Ri‘smor. >. 


tea (qi). Ne 0°Q.X=(S‘N) smor N} 
[#164'432 . #88°37] 


All the remaining propositions of the number are important. 


416444, +:.Multax.3: P, Qe Relexcl.q! Psmor Qn Ri‘smor. 9. 
Psmorsmor @Q [*164°433'431] 


#16445, bs: Multax.3:.P,QeRePexcl. 3: 
q!Psmor Qo Ri‘smor.=.PsmorsmorQ [*164°44:17] 


#16446. [:.Multax.3:P, Qe Rel*excl.q! Psmor Qn Ri‘smor.). 
=Psmor2'Q [*16444-151) 
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#16447. +: R,SeNr‘Q. CR, CS eClNr‘P. 3.4! Rsmor Sn Ri‘smor 
Dem. 
F.#15254. Dh:Hp.d.RsmorS. 


[#151°12] >.q! RsmorS (¢)) 
F.*60°2. Dhi.Hp.d:MeCR.NeCS.3.M,NeNr'P. 

[#152°5°4] 2.Msmor NV (2) 
fF. #1511131. 5+:. %eRsmor8.5:MTN.3.MeOR. NOS (3) 
+.(2).(8). Dk:.Hp.3: Le Rsmor §.5.7Esmor (4) 


F.(1). (4). F. Prop 


#16448, :, Multax. 3: B, Se Rel? excl n Nr‘Q. C1R, C‘Se Cl‘Nr‘P. 3. 
RsmorsmorS.2‘Rsmor 2S [*164'47-44°46] 


*165. RELATIONS OF RELATIONS OF COUPLES 


Summary of #165. 


In the present number, we shall give various propositions concerning the 
relation P | +Q, which has the same uses in relation-arithmetic as a | “6 has 
4 a 


in cardinal arithmetic. The propositions of this number will be used in the 
next number to establish the properties of the arithmetical product of two 
relations Q and P, which is defined as =P | 3Q. Again in connection with 


exponentiation the propositions of the present number will be useful, since, 
after the product of a relation of relations has been defined (#172), we shall 
define exponentiation by means of the definition 

P exp Q= Prod‘P t 3Q Df. (Cf #176.) 


There will also be occasional uses of the propositions of this number through- 
out the theory of series. The relation P | >Q is important because its structure 
% 


is thoroughly known. It is a Rel*excl which consists of Nr‘Q relations, each 
like P (#165:27); and if Psmor ’.Qsmor Q’, we can construct a double 
correlator of P | 5Q and P’ | §Q’ without invoking the multiplicative axiom. 
Tn fact we have 
#165362. F: RE C’P’ « Psmor P’. Sf C'Q’ e Qsmor QD - 
(Bj S)f Cer’ 4 iQe(P 4 3Q) smor smor (P’ L 3Q') 
This proposition should be compared with *113°127. In virtue of «164-31, 


together with various propositions of #165 and *166, it will appear that 
#165362 includes #113127 as part of what it asserts. 


In the present number, we begin with a set of propositions on fields. 
We have 


#16512. +.C°P 4 3Q=P L “0g 
#16513. +.C*P J a= |2OP =(O'P) L z 
whence 
#16514. + .C“OP | 5Q=(O'P) | “OQ 
which connects the eaey, of P 439 with that of a | “8 (#113 and #116). 
Hence 
*165:16. |. CRP | 3Q=C°Qx OP 
In #166, we shall define Qx P as =‘P t 5Q; thus the above will become 
F.0C(Q x P)=CQ x OP. 
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We next have a set of propositions concerned with P s as a relation, 
and with the circumstances under which we can infer e=y or P=@Q from 
data as to P Le and QLy. We have 
#16521. +.P } 3Q ¢ Rel’ excl 
#165°211. bigtOPlan OP Ly.2 ey 
#165 22. tigtP.3.Plel—al 

We then have various propositions concerning A, of which the chief are 
*165-241, FrQ=A.9.PL3Q=A 
#165242. F:P=A.q!Q.2.PL3Q=AJA 

We have next four propositions which are constantly used, proving that 
P {5Q consists of Nr‘Q relations each like P. These propositions are 
416525. FralP. 2. PLsQsmorQ.(P Lf OQe(P | 3Q)smor Q 
#165251. + -PJasmorP.( | a)f OPe(P | 2) smor P 
#16526. +.0*P J 3QCNr‘P 
#16527. F:q!iP.d.P t 5Q ¢ Rel’ excl n Nr‘Q. C‘P t 3Q ¢ Cl‘N1*P 

From *165°3 to #165372, we are concerned with constructing a double 
correlator of Pi 7Q and P’ L 3Q when we are given simple correlators of P 


with P’ and of Q with Q. The result (*165'362) has already been given. 
Hence we have 


*165°37. +: PsmorP.QsmorQ.3.P L 3Qsmor smor P” | 3Q' 
? % 
and by *164:48 and *165:27 we have 
#165°38. -:.Multax.> 
Re Rel? excl n Nr‘Q. CR CNr‘P.D.Rsmorsmor P | 3Q 
J 


Hence propositions concerning a series of @ series, each containing a terms 
(where a and # are relation-numbers), which in general require the multi- 
plicative axiom, can be deduced, assuming that axiom, from propositions (not 
requiring the axiom) concerning P 4 3Q, where Nr‘P =a and Nr‘Q=8. Thus 


the use of P | 5Q enables us to minimize the use of the multiplicative axiom. 
” 


#16501. +. Pl s=l25P [41506] 
e651. 1: R(PL5Q)S.=.(qz,w). Qu. R=|25P.S=| wiP [15062] 


e16511. 1: X( | 25P)¥.=.(qay).oPy.X=alz2.Ysy 2 [#15055] 
#16512, |. oP t iQ=P{ “CQ [#15022] 
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#16513. +.C*P J z= |)2CP=(CP) tL 2 [#165°01 . «150-22 . *38-2] 
#165°131. |. 0“ P 4 “B=(O'P) | “8 [#165°13 . #38°11 . %87-°68] 
" ” 
M6514 + .CHOP L5Q= (CP) | HOQ [16512-1811] 
bat ” 
#16515. +. sO“C*P | 3Q=0°Q x OP [#165°14 . *113-1] 
#16516, +. CSP 13Q=0Q x CEP [RL65+15 . x162-22] 
i 3 
#165-161. F: MOP 1 3Q)N.=. 
#2. 
(qx, y,2,w).2,yeOP.2Qw.Maalz.N=y lw 
Dem. 

F.*150'52.3 
Fie M (PSP 13Q)N. =: (qh, 8S). R(P | 3Q)S. Me OR. NECS. 
[%165°1] 1(qR, S,2,w).2Qu.R=)2P.8=|wP.MeCOR.NCCS. 
[#1650113] =: (qR,S,2,wv).2Qvw. R=) 23P.8S=|wiP. 

MelzeOP.Nelw CP. 
i(qz,w).2Qw. Mel 2CP. Nel wCP. 
i(qa,y,2,w).2Qu.ayeCOP.M=alz.N=y | wi. dt. Prop 


me ll 


[21-151] 

[*38'131] 

*165°162. F: M(HOP | 3Q)N.3.(q2,y, 2). ePy.zeCQ.Ma=a0lz.N=y]2z 
Dem. 

fF. #165°12. #4111 .3 


neo 


Fi: MCP LiQ)N. =.(qR) -ReP| “OQ. MRN. 
[#38°13] =.(q2).zeCQ.M(Pl2N. 
[*165-01-11] =. (qa, y,2).0Py.zeOQ.M=aclz.N=y | z:3+.Prop 


#165°17. bi M(SP 1 3Q)N.=:(gay,2,w): 
aye OP.2z,weOQ:2Qu.v.c=weaPy:M=alz2.Nay lw 
Dem. 
F .®165°161°162 . «162-11. 
Fi M(SP 1 3Q)N =: (qa,y,2,). a, yeOP.2Qu.Maarlz.Nayluv. 
(qa, y,2).ePy.zeOQ.M=alz2.N=ylu: 
[*13°195] =:(qa,y,2,w).ayeOP.zQu.M=alz.N=ylu.v. 
(4x, y, z, wv). 2Py.z,weCQ.z=0.Maalz.Naylu: 
[*33°17.«4°71] = 3 (qa,y,2,w) .2,y eC'P.z,weOQ.2Qu.M=2)2.N=yl]u.v. 
(q2,y,2,0).2,y eC'P.2,we OQ. aPy. zw. Maalz.N=ylui 
[ell -4l.a44] =: (qa,y,z,w)ia,yeOP.z,weOQ:zQw.v.z=w.aPyt 
M=alz.N=y|w:.3t. Prop 
w16518, +.CovP13Q=P{3Q [#15012] 


#165181. F. Cav‘P | = P 2 [#16501 . #15012] 
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4165-182. |. CoviP | 3Q=P|5Q [#165181 . #15035] 
er 7 


#16519. |. Cav‘CnviP 1 3Q= P ‘ 3Q=CnviCnv‘P 43Q. [w16518182} 
«1652. +. PY el—Cls [72:14] 
#165201. +.0(P | 2) = (OP fete ahetz 
Dem. +.#35'108. Db: y(COP Fifz)z.2.yeCP: 
(¥85'51] DE.(OP Ph efe)stutz=] 26OP 
[¥165°13] = O4P | 2). Prop 
#165202, F. OOP 1 3Q = (OP F OQ) sUO*Q [#16514 . 113-103] 
#165208. +. OO'P | 5 Olsexel [84°55 . #165-202] 
#165204 1:0 Lo= OP Ly.=-Ple=P ly 
Dem. 

b.*165°13 . *55°232 .3 
biOPla=OP Ly. gtCP | a.d +O=Ye 
[*30°37] 2.Pla=-Ply (1) 
F. #33241 sDF:CPla-CP ly. OP Le=A.d.Pla=A.Ply=A (2) 
F.(1)-@)- DOP Lom CPL y.d.PLo=Ply (3) 
F .(3).*30°37 . 3+. Prop 
#165205. + .CPD'P {cli [4165-204 . #7158] 
#*166°206.  :(«). Et P J fer (a).aCaP 4 [*38'12 . #33°431] 
#16521. +.P } 3Q ¢ Rel? excl 
Dem. F #165205 . #150208. 9F. CROP | 3Qel 1 (1) 

F 

F 

t 


» (1). ¥165°203 . *163°17 . 3 F . Prop 
PG!OP Lan OP Ly.d.a=y [¥16513 455232] 
rmiP.=.qiPlea 

% 


#165-211. 
#165°212. 
Dem. 
F.#165-11-01. DrigiPla. (GX, V,a,y).ePy.X=alz2.Yaylz. 
[#13-19] + (qa, y). “Py: D+. Prop 
#165°22. Fig! P.3.Plel 1 
Dem. ; 
F.#165°212.3h: Hp. I:q! Pla: 
[+8037 .424°571.43324]9:PLo=Ply.2.giOPlenOP Ly. 


[#165-211] D.a=y (1) 
F, (1) «#7154. *165°2.5+. Prop 
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#165221. Pegi P. digi Pl wAPly.=.Pla=Ply.s.amy 

Dem. 
F.#33252.IF:qiPloaPly.d.qiOPlenOPly. 
[#165°211] Diw=y (1) 
F.#165-212 425571. Sb qiP.dre=y.I-qiPleaPly (2) 
F. (1). (2). #165-212 30°37. . Prop 
#165-222. Pegi P.digiCtP LanOPly.=.0Pla=CPly.s.any 

[Proof as in *165°221] 

¥*165-223. regi P.d:PliQ=PliR.=.Q=R 


Dem. 
F. #15131. #16522. 3+: Hp.d:PLiQ=PIiR.D.Q=R qQ) 
% x 
F.#3429.%1501. DJF: Q=R.D.PILIQ=PIIR (2) 
5 54 


F.(1). (2). +. Prop 
#16523. +: PJ o=-Qly.>.P=Q 


Dem. 
F. #72184. #150153.3b: |) a P=1259.3.P=Q (1) 
F.(1).*165°01.34+. Prop 


#*165°231. f: P } c= Qt w.=.P=Q [#16523 .*3037] 
#165°232. FigiP.v.qiQ:o:Plc=Qly.=.P=Q.asy 
Dem. 


F. #16523. Ibi Plo=Qly.d:P=Q: (1) 
[*13°12.Hp (1)] 2:Pla=Ply.Qla=-Qly: 
[¥165-221] DiGi! P.d.cayiG!Q.D-a=y (2) 


F.(1).(2). Dba gi P.v.qiQroiPla-Qly.d.P=Q.e=y (8) 
F. (3). #181215... Prop 
¥*165:233. Fig t@P lan OQ fy-s-e=y-g!OPnCQ 
[455-292 . #165-13] 
#165°24. FrP=A.3.Plo=A.Pl=vATV 


Dem. 
+. *165°212. Transp. 3b: P=A.D.Pyo=A (1) 
F.(1).#38-1. Dri P=A.d:R(P{)o.=.R=h. 
[#5 1-15.%24-104] =.Ret'A.meV. 
[*35-103] = RWATV)« (2) 


+.(1).(2). DF. Prop 
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#165241. F:Q=A.D.P)3Q=A [¥150-42] 

my 
4165-242, F: P=A.y 1Q.3-PL3Q=ALA 


Dem. 
be x165°124. 5h: PHA.D: R(P{3Q)S. 5+ (qe, w)-2Qu.R=A.S=A. 
[#10°35] =.q!1Q.R=A.S=A (1) 


+.(1).#55°13. +. Prop 
#165243. Fig! Q.=.q1P 1 5Q 


Dem. 
Fexl651. 3b: G1 P 1 3Q.=. (qe, y, BS) .eQy.R=Plo.S=P ly. 
[#13-19] =. (qa,y).2Qy: Dt. Prop 


#165°244. H:AeCP 13Q.=.P=A.G1Q.=.PLiQ=AlA 
Dem. 


F. ¥165-212°12. DrrAcOP13Q.9.P=A (1) 
F.#1024. 433-24. DF: AcOPL3Q.2.qIP Lid. 
[¥165-243] 3.41Q (2) 


F. #165242 #5515. Db: P=A.G1Q-D.AcCP LIQ (3) 
F.(1).(2).(8)- DrrAcOPILiQ.5.P=A.q1Q (4) 
b.x5515. DE:PL3Q=ALA.D-AcOP LIQ. 
((4)] D.P=A.q!Q (5) 
+. (5) «*165°242. DhrP=A.g!Q.=-PL3Q=AlA (6) 
F.(4).(6). 3+. Prop 

*165-245, tigi P.v.Q=Ars. AneOP 13Q.2- Ane (OP) “OQ 
[165-244 . Transp . *33°241 .#165°14] 

16525, big! P.>.PL3QsmorQ. (Py )POQe(P | 3Q)smor Q 
[#165-22-206 . #151231] 

#165251. +. P | wsmor P.( | #)f CP e(P | a)smor P 
[#72-184. 455-21 . #151-22] 

#16526. +. C*PL3QCNr'P [16525112 . #15211] 

#16527. Fiq!iP.3.P 4 5Q ¢ Rel’ excl n Nr‘Q. OP | 3Q eCINr‘P 
[#165-21-25 . 152-11 . *165°-26] 

The following propositions are concerned in proving that, if B is a correlator 


of P and FP’, and S is a correlator of Q and Q, then RIS (with its converse 
domain limited) is a double correlator of Pi 3Q and ” 4 3Q’. This proposition 


is required subsequently in establishing likenesses. 
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#1653. Fr EMR y.D. | Ry Rit | ety 


Dem. 
Fo x841. #8811. 3s uf{ Rl | cy} w.=.(qr).uRv.v(yl2w. 
(#55°13] =.uRy.w=2z (2) 


F.(1).4804. DE AHp.druf{Ri] ylw.s.u=Ry.w=z, 
[#55°13.%38-11] -u( |) Ry) wi. Db. Prop 
#165:301. F: Rel Cls.3.)2|R=(R))|(LaraRr 
Dem. 
F.*165°3. DEL EVRYy.3:M(()2)|R}y-=-M(R)[ Lay: 
[#71°16.%3436] 3+:.Hp.d:M(()2)|R}y-=. 
M(R)jilLay-yeUR:. 3+. Prop 
#165302. Fs EN R“OP.D. | RIP=R|i | 23P 
Dem. 
+ .#1653. ht. Hp. diye OP.D. | ARy=Ri fey (1) 
+ .(1). #1503513. 5. Prop 
#16531, -: EN R“CP.D. (RP) | z=R| iP | 2.(BiP) s 3Q=(R DTP 13 


Dem. 


ill 


F .#16530201.3+:Hp.>.(BiP)L z= RiP fz (1) 
[x150-1] =(R)}P 2 (2) 
F.(1). (2). #15035. +. Prop 
#165311. ts RE C‘Pel—>Cls. CP CU‘R.D. 
(RiP) | 2= RiP | 2. (RIP) L3Q= (RiP L3Q 
[165-31 . #71571] 


#16532. +: EL Sz... ] (S'2)=((8)|} 2. | (S)SP=|S5 | HP 


Dem. 
F. #341 . #43101 . #388101 .5 


FrM{(|8)|L 2}. (QW). M=N|S.N=0l2. 

[13-195] Ma(el2|8 (1) 
+. (1) #55581. 

Fr. Hp.d:M{(|8)|le}c.=.Ma=a] (8%). 


MW 


[¥38-101] =.Mi 1 (Sha (2) 
F.(2). #2143. F:Hp.d. | (S%2)=(|8) |) 20 
[#150°13] Dd. | (S2)3P=|85 | iP: D+. Prop 


w1O5321, br EL S2.3.P | (S'2)=1 SP Ls [w16582-01} 
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416533. FEN S0°Q.9.P 1 383Q=(|S)HPLIQ 
Dem. 
F.#165°321 . x88'11.#150°'1.5 


bt Hp.d:ze0Q.3-P | Se=(( SP |“ (1) 
F. (1) #15035. F. Prop 


#165331, +: SP.COQel + Cls. CQCAS.3.P 1 385Q=(/ SPP 159 
[#165-33 . #71571) 
#16534. FEW ROP. ENSCOQ.D. (RIP) | (85Q) = (RIT(P | 3Q) 
Dem. 

Hp#16531 .D: Hp. >. (RSP) | 3(85Q)= (RPP | 5(85Q) 
[¥165:33] = (RH HHP 139 
[#150°13'14.(443°01)] =(R|S)H(P $30): F. Prop 
M160341, F: RE CP, SP OQel + Cls. CPCHR. OQC MS... 

(RSP) | (85Q)=(R SHIP 1 3Q [#16594 «71571] 


416535. F: RE C'PeCls31.0PCAR.D.(R|)P CRP | IQel 1 
") 


Dem. 
b LIBS. #16516. DE. sD OS'P | 3QCOP an) 
“Fs 


CEP | 59, OP 


(1) «#74751 7+ DF. Prop 


H6530L F: SP OQeCls +1. CCAS. .(/HP OEP | Qe 1 
Dem. 
F aI13118 #16516. 9 F. sO“COP L3QCOQ. 
[x47 5] DE:Hp.>.((S)PCP | iQel+1:t. Prop 
*165°352, t: RE OP, SPCQeCls 91. OP CUR. C'QCAS.D. 
(RISPORP | 3Qet 1 


F. #113118 . #16516 .3 
b:Hp.). sDUCEEP | 1QCOP. secseP | CCE. 


[x74778] D . (RI Sp OsP | 3Qe1—>1:Dk. Prop 
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#165°36. 


Dem. 


#165°361. 
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Fi ROP ePsmor P’.D. 
(BI)P OEP’ L 3Qe(P | 3Q) stor sor (P’ | $Q) 


F.#151-22.%16535. D+:Hp.d (BP ORP L3Qel—1 65) 
b.x433. DE.ORP [3QCaR| (2) 
 w15L22.4165311.t:Hp->.PLiQ=(IRHP LIQ (3) 
F.(1). (2). (8). #16418. F. Prop 
F: SP OQ’ eQamorQ’.>. 

(SP OEP | 5Q’ e(P | 3Q) amor amor (P | 3) 
[#165'351°331] : : 7 


The proof proceeds as in *165'36. 


#165362. 


The ab 


#165°37. 


#16538. 


Dem, 


Fi: Rf C*P’e Psmor P’. SP C*Q'e Qsmor Y.D. 
(RI S)POSP | 3Q'e(P | 3Q) amor amor (P 13@) 
[¥165°352341] 
ove three propositions are of great utility in relation-arithmetic. 
F: Psmor P’. Qsmor Q’. 3. Py #Qsmor smor P’ | 7Q 
[#165°362 . #16411 . #151°12] 
F:. Multax.3: Re RePexclna Nr‘Q.C'RCNrP.D. 
Rsmor smor P L 5Q 


F,#164°48 .*165°27. 35+ *Hp.q!P.2.Rsmorsmor P 13Q (1) 
b.#153°17 . #165°241 3 

FrQ=A. ReRelexela Nr‘Q.9.R=A.P{3Q=A. 

[*164'32] >.Rsmor smor P f 3Q (2) 
Fe 4165242. 3+: PaA.G1Q.2.PL3Q=ALA (3) 
bwLSSLT 51-4. #15132. 
t:ReNr'Q.CRCNr'P.P=A.4!1Q.9.0R=h. 

[*56'381] D.R=AJA (4) 
F .(3) + (4). #153°101 . #16434. 

t: ReNrQ.ORCNrP. P=A.q! Q.3.RsmorsmorP 15Q (5) 
F.(1).(2).(5). DF. Prop 


#166. THE PRODUCT OF TWO RELATIONS 


Summary of *166. 

The product Q x P is defined as =P YL 3Q. This is a relation which has 
for its field all the couples that can be formed by choosing the referent in 
OP and the relatum in C‘Q. These couples are arranged by Q x P on the 
following principle: If the relatum of the one couple has the relation Q to 
the relatum of the other, we put the one before the other, and if the relata 
of the two couples are equal while the referent of the one has the relation P 
to the referent of the other, we put the one before the other. Thus in 
advancing from any term «| yin the field of Q x P, we first keep y fixed and 
alter x into later terms as long as possible; then we alter y into a later term, 
move « back to the beginning, and so on, Thus with a given y, we get 
a series which is like P, and this series is wholly followed or wholly preceded 
by the series with the referent 4’, where y/ follows or precedes y. 

The propositions of this number are for the most part immediate conse- 
quences of those of «165. The most important of them are: 

#16612. +.0(PxQ)=CP x CQ 
#16613. b:Px Q=A.=:PHA.v.Q=A 

Hence it follows that an ordinal product of a finite number of factors 

vanishes when, and only when, one of its factors vanishes. 


> a = en z>y oy 
#16616. +.B“P x Q)= BYP x BQ. BCnv(P x Q)=BP x BQ 
#16623, +: Psmor P’. Qsmor Q.3.Q x Psmor Q x P’ 


This proposition shows that the relation-number of a product Q xP 
depends only upon the relation-numbers of its factors. 


#16624. | :.Multax.3: Re Relexcla NrQ.CcRCNr‘'P.3. 
=‘Rsmor Qx P 

This proposition connects addition and multiplication (cf. note to *166°24, 
below). 
#16642. +.(PxQ)x RsmorP x(Q x R) 

This is the associative law. The distributive law has two forms: 
#16644. +. 3‘ x PiQ=(2'Q) xP 
#16645, +.(Q$R)x P=(Qx P)$(RxP) 

We do not have in general (cf. note before *166'44, below) 

Px(QER)=(Px Q4(P x B). 
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We have also a distributive law for the addition of a single term, i.e. 

#16653. Ff 1Q.D.(Q->y) x P=(Qx PSP Ly) 

w166531. F:G1Q.2. (yd Q)x P=(P Ly) Fx P) 


Here again the law does not hold in general for Px(Q-by) or 
Px (y+ Q). 


¥16601. QxP=S‘P1iQ Df 
ae: 
M1661. 1. Qx P=¥PL5Q [(#16601)] 
#16611. b:M(QxP)N.=:(qa,y,2,w)ia,yeCP.z,welQi2Qu.v. 
z=w.cPy:M=al2.N=y | w [#16517 . 1661] 
#166111. b:. M(PxQ)N.=:(qa,y,2,w)ia,yeC'P.2z,weOQiaPy.v. 
e=ny.2Qu:M=zla.N=wly [#16517 .*1661] 
#166112. Fi.(a}z)(QxP)(ylw). =:ayeOP.z,weCQizQu.v. 
z=w.aPy [#16611 . 55-202. #1322] 
#166113. biza,yeO'P.z,welQ. on 
(@lLa(QxP)(y)w).=:2Qw.v.z=w.ePy [#166112] 


#16612, +.0(P x Q)= OP x 09 [#16516 . #1661] 

*16618. b:.PxQ=A.=:P=A.v.Q=A [¥16612. «118114. 433-241] 
*16614. biqiPxQ.s.q!P.atg [¥16613] 

#16615. +.Cnv(Px Q)=Px@ [¥165°19 . #1622] 


v oy 
416616. +. B(P x Q)=BP x BQ. B’Cav(P x Q)= BP x BQ 
Dem. 
+. #166111 . #98103. > 
E 1 Me B(P x Q)-=:(qa,2):2eOP.zeCQ-M=z)a: 
~ (ay). yPai~(qu).wQe: 


[#93103] =:(qa,2).ceBP.yeBQ.M=zla: 

[¥113-101] =:Me BP x BQ (1) 
> 2y oy 

b.(1). #16615. +. BCav'(P x Q)= BP x BQ (2) 

F.(1).(2). D+. Prop 


The above proposition is used in the ordinal theory of progressions 
(#263°62°65). 
#1662, +: RP C\P’c Pamor P’.D.(RI)P CQ P’) e(Q x P) smor (Qx P’) 
[#165-36 . #16671. *164°14) 
R&W IL 25 
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#16621. F: SP CQ’ e Qamor Y.D.(| Sypong x P)e(Q x P)smor (Q’ x P) 
[¥#165°361 . *166°1 . *164°14) 
#166:22, +: RE C‘P’e Psmor P’. Sf C'Q' « Qsmor YD. 
(Ri S)P OQ! x P)e(Q x P)smor (Q x P’) 
[#165-362 . #166-1 . #16414] 
This proposition gives the correlator for the product when correlators are 
given for the factors. 


#16623. +: Psmor P’.QsmorQ’.3.Qx Psmor Y x P’ 
[166-22 . #15112] 

This proposition enables us to use Q xP to define the product of the 
relation-numbers of Q and P, for it shows that the relation-number of Q x P 
is determinate when the relation-numbers of Q and P are given. We shall 
therefore (in Section D of this part) define the product of two relation- 
numbers v and yw as the relation-number of Qx P when N,r'Q=v and 
Nor'P =u. 

#16624. fs. Multax. 3: Re Relexeln NrfQ.O°RCNr'P.D. 
=‘RsmorQx P [#165°38 . #164151. *1661] 

This proposition exhibits the connection of addition and multiplication. 
If we put Nr‘P=y and Nr‘Q =», then =‘R in the above proposition is the 
sum of vy relations of which each isa yz. In virtue of the above proposition, 
it follows that (if the multiplicative axiom is assumed) Nr‘S‘R=yx yp. In 
other words, assuming the multiplicative axiom, the sum of » series (or other 
relations), each of which has y terms, has v x yz terms. 

#1663. Fig !C(P x Q)nC(P’x Q'). =. gl OPanOP .qilQncy 
[¥166°12.*113-19] 
The analogous proposition 
ai(PxQ)aA(P’ x Q).=: 
GCP AP’) ql OQnCY .v.Ggi(QAQ).qiCPacP’ 
is only true in general if PE J.P’ CS 
#16631. + .3C(Q x P)=CP TOE [%113°115 . 16612] 
#166311. biG! Q.3.sD*O(Ox P)=OP: qt P30. 860d x P)= COQ 
[118-116 . x166-12 . #33-24] 
#166312. +. sSD“O(Q x P)C OP. s(A0"(Q x P)C OQ 
[¥113-118 . 4166-12] 

The following propositions are lemmas for the associative law (*166-42). 

#*1664, bi: MP xQ)x R}M .=:(q2,y4,2,2',y,2): 
ace OP .y,y 6OQ.2,276OR: 
ePe .v.c=a .yQy vical yay eRe: 
Mael(yle).-M=2 Ly l2) 
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Dem. 
b.#l16111.3b:. MP x Q)x REM .=: (qn, NV 2,2’): 
N,N e OP x Q).2,2e ORiN(PXQN .v.N=N’.2R2: 
M=z)N.M=7/ |W: 
[#116-12.4113-101]=: (GN, W’,2,2',y,y',%2)3 
a,x OP .y,y' eOQ.2,7 OR. N=yla.N=y la’: 
N(PxQ)N .v.N=N.2Re i: Maz | N.M=7 1 N': 
[#13-22.41161138] =: (qa,a',y,y',2,2)i2, 2 e€OP.y, y eOQ.2,7eCOR: 
ePa!.v.c=x .yQy vVieyloay back: 
Mazlyle).M=2 Lyla): 
1(qa,e',y,y,2,2):0,0 «OP .y,y eOQ.z,2eOR: 
aPd vicar’ .yQy .vicaa .y=y'.zR2's 
M=zl(y)a)-M=2)(y]a)i Db. Prop 
#166401. b:.N{Px(Qx R)}M.=:(qa,a,y,y',2, 2): 
aw eOP.yy eCQ.2z,7eCOR: 
ePa .v.c=2 .yQy .v.c=a .y=yicRe’: 
N=@lyleNWaeClyLe 
[Proof as in *166°4] 
#16641. 1: T= MN (qe, y,2).ceOP .yeOQ.2eOR. Mazel (yo). 
Na(zly))a}.3.Te {(P x Q) x R} smor {P x (Q x R)} 


[#55°202] 


Dem. 
b.#2138.5Db::Hp.d:. MTN. MTN .D: 
(q2,2',y,y,2,2)ia, 0 OP .yy eCQ.2z,7eCR: 
Maz) (y)o). Wee Wyle’): 
Ne=(elyle-N=a(@ly)le: 


[#55°202] 2:(q2,0,y,y2,27) Mazl(yjc)M=2) je). 
ona sys gmat 
[#1322] 2:M=M’ (ql) 
Similarly +:.Hp.3:M7TN.MTN’.3.N=N (2) 
F.(1).(2)- DIt:Hp.d.Tel—t (3) 


+. #2133.41319.3t:Hp.d. 
aT=P \(qa,y,2).2e OP. yeOQ.2eOR.N =(zly)) a} 
[x113-101] = O*P x (OQ x OR) 
[#16612] =C{P x (Qx R)} (4) 
+.*166-401.3h::Hp.3:.M{[Ti(P x(Qx R))} M.=:(qa,e',y,y/,2,2,N,N'): 
ae eOP.yy eOQ.2z,2e¢CR. Nea(zly)lo.NW=(¢ly)lo. 
Maz Q)o)-M=2 Je): 
aPx vice’. yQy .vicae' yy’ .zRe': 
[4131941664] =: M((P x Q)x RYU (5) 
F.(8). (4). (5). #15111. +. Prop 
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#16642. +.(PxQ)x RsmorPx(Qx RK) [#16641] 

This is the associative law for the kind of multiplication concerned in this 
number. 
#166421. PxQxR=(PxQ)xk Df 

This definition serves merely for the avoidance of brackets. 

The two following propositions give the distributive law. In relation- 
arithmetic, this is in general only true in one of its two forms, 7.2. we have 

(QER) x P=(Qx P)E(Rx P), 

but not Px(QtR)=(P x Q)A(P x BR). 
The latter is true for finite series, but not for infinite series or (except in 
exceptional cases) for relations which are not serial. 


416644. b. 3° x PIQ=(3Q)x P 


Dem. 
b.#166'1. 38-11 #1501. DFS! x PIQ= BBP [HQ 
[«16234'35] = EP {53°Q 
[*166°1] z =(2'Q) x P.D+. Prop 

416645, +.(Q4R)x P =(Qx P)A(Rx P) 

POE ee cidaaie (Qx P)F(Rx P)= EP L1QEEP 5K 
[16231] =3(P [QP L5R) 
[¥162-36] =EP LHQER) 
[¥166-1] =(Q4R) x P.Dt. Prop 


The following propositions (*166-46—-472) exhibit the failure of the 
distributive law in the form P x (Q¢R)=(P x Q)F(P x R), and give certain 
results for special cases. They are not referred to except in this number. 


w16646. + .(PUQ){z=PLeuQle [w165-01 . #1503] 
#166461. + .5'0(P0Q) | iR=SOP LR sOQLIR 
[41-6 . 165-12 . 4166-46] 
¥166-462. |. P(PuQ) IR= FIP {IR PQ LiRy DS (qn, y, 2,0): 


eRwicel’P.yeCQ.v.ceCQ.yeOP:M=alz.N=ylu} 
Dem. 


F #165161. 3+. F3(PvQ) Lik 
2 


= MN (qa, y,2,).0,yeOP vCQ.cRw. Maal2.N=y}u} 
[#2234] = MN ((qa,y,2,w)ta,yeOP.v.a,yeCQ.v. 
weOP.yeCQ.v.reOQ. yeOPizkw.M=2)2.N=y]\ uv} 
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[al1-41.4165161]=FiP [iRw FQ LiKe MH ((q2,y, 2,0): 
weCP.yeOQ.v.veOQ.yeCOP: 
zRw.M=al2.N=y | w}.3+. Prop 

#166463. 1: O'PCOQ.D. FIP LIRGPQLIR [4165161] 

#166464. CPC OQ. 9. F(PuQ) [iR= FQ R= FP i RoPIQ UR 

Dem. 


F.¥166463.D+:Hp.>. FIP {ING PQ IIR (1) 
F.#38:262. Dt:Hp.d.C(PwQ=C"”. 
[¥166-463] 2. FKP YQ {R= FIQ {IR (2) 


F.(1). (2). Db. Prop 


#16647, +.Rx(PuQ)=(RxP)u(RkxQ) w HD ((qa,y, 2,): 
veOP.yeCQ.viceOQ.yeOPizRw.Maalz.N=y]u} 
[#166-461-462+1 . #1621] 
#166471. F: OOP COEQ.3.Rx(PuQ)=(RxP)u(RxQ) 
[*166:461-464] 
#166472. +. Rx(P#Q)=(Rx Pho(Rx Qu Rx (CP | CQ) 
Dem. 
b. #166471 . *85°85 2D 
king lQ.O:Rx(P£Q)=(Rx Plu Rx {[Qu(CP FT OQ)}: 
[166-47 1.%35'86] 
DiqiP.dI.Rx(P$Q)=(RxP)v(Rx Qu Rx(COPtCQ) (1) 
F. #16021 . #16613. > 
brQsA.D.P£Q=P.RxQ=A.Rx(OPTCQ HA. 
(¥2524] D.Rx(P*tQ)=(RxP)uo(Rx Qukx (OP 1 CQ) (2) 
Similarly 
b:P=A.3.Rx(P£Q)=(RxP)u(Rx Qu Rx (OPT CQ) (3) 
F,(1).(2).(8). DF. Prop 
The following propositions are concerned with the distributive law for the 
addition of a single term to a relation, This law, in the form in which it holds, 
is given in *166°53:531 (remembering NP | y=Nr‘P), #166:54'541 exhibit 
the failure of the other form. 
#1665. +.(Qu R)x P=(QxP)u(Rx P) 
Dem. 
+.#*1661.5 b.(Qu R)x P=EP LiQu R) 
[*162:27] = 3'P 4 3Qu SP $ iR 
[*166-1] =(Qx P)u(RxP). d+. Prop 
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#16651. | .(Qy)xP=(QxP)u(CQtuy)xP [1665 . #1611] 
#166511. +.(y< Q)x P=(t'y ft CP) x Pu(Qx P) 

#16652. b-PLIQpy=PLQbP ly [*161°4 . #165°2] 
#166521. +. P Liye Q=P lye PL3Q 

¥#166°53. FratQ-2.(Q4oy)xP=(QxP)F(P Ly) 


Dem. 
b #16243 . #165'243. +: Hp.d.2(PLiQHPLy)= UP LIQtP Ly. 
[*166'52] >. =P {3 Qpy==P {i QtPLy Q) 


b.(1). #1661. DF. Prop 
#166531. b21Q.D.(yeQ)x P=(P Ly) t(QxP) 
#16654. +.Qx(P-pa)=(Qx P)wQx (OPT ta) 


Dem. 
b.¥l611.9+.Qx(Ppa)=Qx {[Pu(OP F ix)} 
[#85°85.*166'471] =(Qx P)wQx (CPF ux). d+. Prop 


#166541. +. Q x (wet P)=Q x (Uw F CP) w (Q x P) 


SECTION C 


THE PRINCIPLE OF FIRST DIFFERENCES, AND THE 
MULTIPLICATION AND EXPONENTIATION OF RELATIONS 


Summary of Section C. 


In the present section, we have to consider various forms of a principle 
which is of the utmost utility in relation-arithmetic. This principle may be 
called “the principle of first differences.” It has been explained and used 
by Hausdorff in brilliant articles*, The results there obtained by its use 
give some measure of its importance in relation-arithmetic. It has, however, 
other uses besides those that are concerned with the multiplication and 
exponentiation of relation-numbers, as, for example, in the ordering of 
segments and stretches in a series, or of any other set of classes which are 
contained in the field of a given relation. In the present section, after the 
first two numbers, we shall be concerned with its arithmetical uses, but other 
uses will occur later. 


The principle of first differences has various forms which, though analogous, 
cannot, in the general case, be reduced to one common genus. The simplest 
of these is the relation Py, by which the sub-classes of C‘P are ordered. 
This is defined as follows. Ifa and 8 are both contained in CP, we say that 
aP,8 if there are terms belonging to a but not to ® such that no terms 
belonging to 8 and not to a precede them; we. if, after taking away the terms 
(if any) which are common to a and £, there are terms left in a which do not 


come after any of the terms left in 8, te. if q!a-@—P(@—a). Thus the 
definition is 

P= 88 (a, 8eCKO'P.gla-B~P(B—a)} Dé 
It will be seen that this relation holds if 8Ca.8+a. Thus it holds between 
any existent member of Cl‘C*P and A, and between C‘P and any member of 
ClO*P other than C‘P itself. When P is a serial relation (which is the 
important case for all the relations in this section), Py is transitive (P*, € Pa) 


and asymmetrical (Py A ie A), but not necessarily connected, i.e. there may 
be two members of its field of which neither has the relation P,, to the other. 
This happens whenever P is not well-ordered; but when P is well-ordered, 
P. is connected, and therefore generates a series. 


* “Untersuchungen tiber Ordnungstypen,” Berichte der mathematisch-physischen Klasse der 
Kéniglich Sichsischen Gesellschaft der Wissenschaften zu Leipzig, Feb, 1906 and Feb. 1907. Ci. 
also his ‘‘ Grundziige einer Theorie der geordneten Mengen,” Math. Annalen, 65 (1908). 
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To- illustrate the order generated by P, in a simple case, consider a series 
of three terms, 2, y, z. Let us for the moment write («|yJ|z) for the 
relation 

alyvalzvylz, te(e@ly)pz, 
and similarly we will write (27 Ly }zJw) forz)yJz-»w, and soon. Then 
assuming e+ y.0+2.y +2, 
@ hyd aba= (Ue ify vf) | (ety) 
| (fa v2) | fe | (fy vite) | ty Loe A. 
In this series, a class containing « is always earlier than one not containing 2; 
and of two classes of which both or neither contain a, one containing y is 
earlier than one not containing y; and of two classes of which both or neither 
contain «, and both or neither contain y, one containing z is earlier than one 
not containing z. Thus our relation may be generated as follows: Begin with 
(t'z) | A, which is (2 | z)q. Add before these terms what results from adding 
t'y to each; then we have (y | z)q, which is 
(uy vz) buy bute) A. 
Now add at the beginning what results from adding t‘a to each of the above 
four classes, and we have («| y | 2z).. Thus generally, if a~eC*P, 
(@ 4 Pla = (Ue vpPa +t Py. 
Thus by adding one term to P, we double the number of terms in Py. 


Again, if P and Q are two relations which have no common terms in their 
fields, we shall have 


aPyB.y, de ClCQ.D.(auy)(P $$ Qal(Bv 8) 
and aeClCSP .yQ48.D- (avy) (PF Qa (av 8), 
while conversely 

a, Be COP .y, Se COQ. (avy) (P + Qa(Bvd).d: 
aPaB.V.a=BeyQyd 
Hence (avy) (P $Q)a(Bv 8)-=-(y) 2) (Pa x Qu) 61 8) 
= {auy) {9 (Pa x Qu)} (8 v 8), 
so that Nr(P # Qa=NriPy x NrQa. 
These propositions illustrate the connection of Py with multiplication. 
Besides Py, we often require (though not in this Part) the relation which 
is the converse of (Pa. This relation we call P,,, so that 
P= Cav(P), De 

This begins with A, and ends with C*P. 
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Thus we shall have, for example, 


Ly baw=A luo l ey | Uevity) 
Lue] (ev ut) | (Uy 0%) d (ev ety ue), 
Here, if we start from A | ta, which is («| #)., the series grows by adding 
terms at the end: we add «‘y to each member of A | t‘«, and put the resulting 
terms ey, ia v uy after A and ‘x; we then add t‘z to each of the four terms 
we already have, and add the resulting terms at the end; and so we can 
proceed indefinitely. 


The relation P\, with its field limited arranges the segments of P in 
ascending order of magnitude; if the class of segments is o, P,,[ « generates 
what may be called the natural order among the segments (cf. #212), 


A variant of P, is afforded by the relation Py, (*171), which is to hold 
between two members a, 8 of Cl‘C*P when the first term of either which does 
not belong to both belongs to a, «.e. the “first difference” belongs to a. This 
relation implies Py, and coincides with it if P is well-ordered; but when P is 
not well-ordered, P,, may hold between two classes which have no first point of 
difference, e.g. (if P is “less than” among rationals) if a consists of rationals 
between 0 and 1 (both excluded) and 8 of rationals between 1 and 2 (both 
excluded). The definition of Pa is 


a > > 
Pap = @B {a, Be CHOP: (qz).zea—B.Pena—ulz= Pier B} Df. 
The relation Py has the interesting property that its relation-number is 


found by raising 2, to the power Nr‘P (cf. #177). As the field of Pa is 
Cl‘O*P, this theorem is the ordinal analogue of Ne‘Cl‘a = 2Ne‘« (#116°72). 


A somewhat more complicated form of the relation of first differences 
arises when we have a series of series. Let us suppose, to begin with, that 
P is a serial relation whose field consists of mutually exclusive serial relations. 
Thus in the accompanying figure, each 3 


x : On eee tS @ 
row represents a series, the generating 


relations of these series being Q, ... B,.... 
si 4 - © GJ oo _—_— 
But the series themselves form a series, J 
which b rded ted b 
ich may be regarded as generated by es: nea 


a relation P whose field consists of the re- 
lations Q,....R,.... (It might be thought 
more natural to take C‘Q, C‘R,... as 
the field of P; but this would lead to confusion in the case when two or more 
of the series have the same field.) Suppose we now wish to find a relation 
which will order the multiplicative class of the fields of Q, R, ..., ie. the class 
Prod‘C“C*P, In the case illustrated in the figure, in which P generates a 
well-ordered series, and all the members of O*P are serial, and P ¢ Rel? excl, 
we might use (%‘P),; this relation, with its field limited to Prod‘O“O*P, 
will then give us what we want. This relation will, in the case supposed, put 


*@+ + +E] + —>RYP 


394 RELATION- ARITHMETIC [paRT IV 


a selected class y before another selected class v if, where they first differ, 
p chooses an earlier term than vy. But if the series P is not well-ordered—if 
it is (say) of the type Cnv‘‘w (cf *#263)—there may be no first member of 
the field of P where » and » differ. This will happen, for example, if » 
consists of all the first terms, and » of all the second terms. Our ordering 
relation can be so defined as to put « before v in this case also, but if it is so 
defined, the associative law of multiplication only holds if P is well-ordered. 
For this reason, we define our ordering relation so that, in such a case, 
comes neither before nor after y. Again, if P is not a Rel? excl, a member of 
a selected class may occur twice, once as the representative of C*Q, and once 
as that of C‘R, if C‘Q and C‘R have terms in common. We wish to distinguish 
these two occurrences. Hence we proceed as follows: If » and » are two 
selected classes of C‘C*P, let there be one or more members of C‘P in which 
the y-representative precedes the v-representative, and which are such that, 
among all earlier* members of C‘P, the u-representative is identical with the 
p-representative. 


But a further modification is desirable in order to meet the case in which 
two or more of the members of C‘P have the same field. Suppose, for example, 
we had to dea] with a series consisting of all the series that can be formed out 
of a given set of terms: in this case, we should have to distinguish occurrences 
of any given term not by the field, but by the generating relation. This re- 
quires that we should make an F-selection from C*P, not an e-selection from 
O“O'P, Hence we take two members of F4‘C*P, say M and J, and we arrange 
them or their domains on the following principle: We put M before V (or 
D«M before D‘N) if there is a relation Q in the field of P such that the 
M-representative of Q, i.e. M*Q, has the relation Q to the N-representative of 
Q, and such that, if R is any earlier member of C*P, then M‘R is identical 
with N‘R. That is, M precedes N if 

(qQ) = (MQ) Q(N'Q): RPQ.R+Q.Dp- MR= NR. 

The relation between M and N so defined has the properties required of 

an arithmetical product; hence we put 
WP = MN (M, Ne FCP: 
(HQ): (Of°Q) Q(N"Q): RPQ.R+Q.32-MR=NR} De. 

This relation is the ordinal analogue of ea‘x. The ordinal analogue of 


Prod‘« is the corresponding relation of the domains of M and N, i.e. DsII‘P; 
hence we put 


Prod‘P==D:II‘P Df. 
In case P is a Rel*excl, we have Nr‘Prod‘P=Nr‘I‘P. But when P is 
not a Rel?excl, Prod‘P and II‘P are in general not ordinally similar. We 
can, however, always make a Rel’ excl by replacing the members 2, y, etc. of 


* Here Q is said to be earlier than R if Q has the relation P to R and is not identical with R. 
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CQ (where QeC*P) by 1 Q, y | Q, ete. In this way, if # occurs twice in 
CP, once as a member of C*Q, and once as a member of C*R, the two 
occurrences are made to correspond to # | Q and « | R respectively, and thus 
we get a new relation which ¢s a Rel? excl. 


If every member of C*P has a first term, Bf C‘P will be the first term of 
TIP, and BCP will be the first term of Prod‘P. If further there is a last 


member of C°P, te, if E! BP, and if this last member has a second term, the 
second member of II‘P is obtained by taking this second term as the repre- 


sentative of B‘P, and leaving all the other representatives unchanged. In 
any case, if B‘P exists, the earliest successors of any member of II‘P are 
those obtained by only varying the representative in B‘P. Thus, if BP 
exists, those members of II‘P which have a given set of representatives in all 
members of D‘P form a consecutive stretch of the series, and this stretch is 
like B‘P. If B‘P has an immediate predecessor, the stretches obtained by 
varying only the representative in this predecessor are again consecutive, and 


form a series like the said predecessor; and so on. This makes it plain why 
II‘P has the properties of a product. 


As in the case of cardinals, the definition of exponentiation is derived from 
that of multiplication. We put 
PexpQ=Prod‘P JQ Df. 
% 


We put also Pe = 3(PexpQ) Df 
This is an important relation, which deserves consideration apart from the 
fact that it is useful in connection with exponentiation. It will be found 
that 


P= MN {M, Ne(OP F CQ)aOQi 
(ay) sy ¢ OQ. (My) P (Ny): aQy .2+y-I,- Ua = Na}. 

This is a form of the principle of first differences which is appropriate 
when two relations are concerned, instead of only one asin Py. The principle, 
in this case, is as follows: Let M, N be any two one-many relations which 
relate part (or the whole) of C“P to the whole of C*Q. That is, each of the 
two relations assigns a representative in O‘P to every term of CQ, but 
different terms of C“Q may have the same representative. Then in travelling 
along the series Q, there is to be, sooner or later, a term y whose M-repre- 
sentative is earlier than its N-representative, and terms which come earlier 
than y in Q are all to have their M-representatives identical with their 
N-representatives. 


The relation P® may be subjected to various restrictions which give 
important results, This subject has been treated by Hausdorff. For 
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example, if P=ax|y (where x+y), and @ is of the ordinal type which 
Cantor calls w, i.e. the type of progressions (generated by transitive rela- 
tions), then if z is any member of C‘Q, M‘z is always either a or y. If we 
impose the condition that M‘z is to be « except for a finite number of values 
of z, the resulting series is of the type of the rationals in order of magnitude, 
te. the type called 7. Ifwe impose the condition that there are to be an infinite 
number of values of z for which M‘z=y, the resulting series is a continuum, 
aie. it is of the ordinal type called @; in this case, the contained “rational” 
series consists of those M’s for which there are only a finite number of 2’s 
having M‘e=a. Ifwe impose no limitation, P? is of the type presented by 
the real numbers when decimals ending in 9 recurring are counted separately 
from the terminating decimals having the same value. 


We may generalize P®, instead of restricting it. To begin with, we may 
allow our M and XN to have only part of C‘Q for their converse domain, and 
remove the assumption that there is a first member of OQ for which M‘y 
and N‘y differ; this leads to the relation 

BR (M,N e (1 Cis) n RI(CP f CQ) 
(ay): (M*y) P (Ny): aQy. ce AN .,.(Ma) (Pv I) (Nay. 

Further, we may drop the restriction to one-many relations. It will be 
observed that if (M*y) P (Ny), we have y(M|P|N)y. Thus we may consider 
the relation 

MN ([M, & RIC f 0°Q):. 
(ayy | P|N)ytaQy-I2-0{M (Pw I)| N} a). 
This relation has for its field all relations contained in O*P T C'Q. We may, 
if we like, drop even this restriction, and consider 

TER (ay) sy C°Q. y(M|P|N)y:aQy. Dea {M| (Pw IP CP)| N} a]. 

This represents the most general form of the principle of first differences 


as applied to a couple of relations P and Q. In ordinal arithmetic, however, 
P°® is sufficiently general for the uses we wish to make of it. 


The formal laws, as far as they are true, can be proved without excessive 
difficulty. We have 
brP+Q.>.NrTI(P | Q)=Nr(P x Q), 
which connects the two kinds of multiplication; 
Fk: Psmorsmor Q. 9. Nr‘T‘P = Nr‘II‘Q, 
F: PeRelexcl. PE J.>.NrMsIP = NrTl SP, 
which is one form of the associative law, of which another form is 


b:P4Q.>.Nr(I‘P x IQ) =Nrll(P4Q). 


SECTION C] THE PRINCIPLE OF FIRST DIFFERENCES 397 
Also 
bk: P,2P Rel excl. PE J.3.Nr‘Prod‘Prod}P = Nr‘Prod‘=‘P = Nr‘II*X«Pp, 
which is the associative law for “Prod.” We have 
b:C'QaCR=A.D.Nr(P? x P®) =Nré Pete, 
F.Nr( Pe? = Nr(P2* 2), 
But we do not have in general 
Nr(PF x Q?) = Nr(P x Q)%, 
which obviously would require the commutative law for multiplication, and 
therefore does not hold in general in spite of the fact that its cardinal 
analogue does always hold. 
As regards the connection with cardinals, we have 
Fk: Pe Rel?exc]l . >. CfProd‘P = Prod‘C**0'P, 
Fiq!Q.>.C0%P exp Q) =(CP) exp (CQ), 
and we have already had 
b.0(P x Q)= CP x OF. 
Moreover the correlators by which similarity is established in cardinals 


generally suffice to establish likeness in the analogous cases in relation- 
arithmetic. Thus we have 


bk: Se PsmorQ.>.Se SCC e Py smor Qu, 
bi P, Qe Relexcl. Sf CQ e Pamor smor Q.D. 
S.f C*Prod‘Q ¢ (Prod‘P) smor (Prod‘Q), 
Fk: St C‘P’ e Psmor P’. Tf CQ’ e Qsmor Q’.D. 
(S| TP C“(P’ exp Q') e(P exp Q) siior (P’ exp Q’), 
which are all closely analogous to propositions which were proved in cardinals, 


The applications of the propositions of this section are almost wholly to 
series, and it is convenient to imagine our relations to be serial. But the 
hypothesis that they are serial is not necessary to the truth of any of the 
propositions of the present section, and it is a remarkable fact that so many 
of the formal laws of ordinal arithmetic hold for relations in general. 


It should be observed that II‘P is not always a series when P is a series 
and all the relations in the field of P are series. A series (cf. *204) is a 
relation P which is (1) contained in diversity, (2) transitive, (3) connected, 


ie. such that every term of the field of P has the relation P or the relation P 
to every other term of the field. It is the third condition which may fail for 
II*P, and which in fact does fail whenever P is not well-ordered. Thus 
suppose, for the sake of simplicity, that P is of the type Cnv‘‘w, which 
we will call a regression, 1.e. the converse of a progression (cf. *263); and 
suppose that the field of P consists entirely of couples. Take a selection M 
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which chooses the first term of every odd couple, and the second term of 
every even couple; and take another selection N which chooses the second 
term of every odd couple, and the first term of every even couple. Neither of 
these twe selections has the relation II‘P to the other, for whatever term @ 
of C*P we choose, if M is the selection which chooses the first term of Q, 
there is an earlier term of C‘P (namely the immediate predecessor of Q) in 
which N chooses the first term while M chooses the second. Hence there is 
no such @ as is required for M(II‘P)N; and a similar argument holds 
against N(II‘P) M. In such a case, II‘P generates a number of different 
series, and by suitable restrictions of the field, one of these series can be 
extracted. Exactly similar remarks apply to P?. 


*170. ON THE RELATION OF FIRST DIFFERENCES AMONG 
THE SUB-CLASSES OF A GIVEN CLASS 


Summary of *170. 


The definition to be given in this number of the relation of first differences 
among the sub-classes of a given class is by no means the only one possible, 
in fact a different definition will be considered in #171. In the present 
number, the definition we choose is this: a is said to precede 8 according to 
this definition when @ has at least one member which neither belongs to @ 
nor follows any term belonging to # and not to a (a and @ being both sub- 
classes of C’P). In other words, if we consider the two classes a—@ and 
8 —a, there are members of a— 8 which are not preceded by any members of 
&—a. Pictorially, we may conceive the relation as follows (P being supposed 
serial): a and 8 each pick out terms from CP, and these terms have an 
order conferred by P; we suppose that the earlier terms selected by a and @ 
are perhaps the same, but sooner or later, ifa+ 8, we must come to terms 
which belong to one but not to the other. We assume that the earliest 
terms of this sort belong to a, not to 8; in this case, a has to 8 the relation 
P.. That is, where a and 8 begin to differ, it is terms of a that we come to, 
not terms of @. We do not assume that there is a first term which belongs 
to a and not to 8, since this would introduce undesirable restrictions in case 
P is not well-ordered. 


A few of the propositions of the present number will be used in the next 
number, which deals with a slightly different form of the relation of first 
differences, but with this exception the propositions of this number will not 
be referred to again until we come to series. Their chief use occurs in the 
section on compact series, rational series, and continuous series (Part V, 
Section F), especially in *274 and *276, which respectively establish the 
existence of rational series (assuming the axiom of infinity) and the fact that 
the cardinal number of terms in a continuous series is the same as the number 
of classes contained in the field of a progression, z.e. 28°, The definitions and 
a few of the simpler propositions are also used in connection with the series 
of segments of a series, since, as explained above, the segments of a series P 
are arranged in the series generated by Py. 

The propositions of this number which will be used in dealing with series 
are the following: 


#1701. FraPaB.s.0,8eClOP.g!a—— PB —a) 
#170101. | . Py, = Cav'(P)y 


¥*170°102. FiaP, 8.5.4, Be ClOP. gq! RB -a—P(a—p) 
(These propositions merely embody the definitions.) 
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#IT011, bi.0Pg8.=20,ReCKOP: (qy).yea—B. Py nBCa 
This form is often more convenient than #170'1. 
#17016. FiaCO'P.8Ca.B+a.2.aPyB 
Ie. every sub-class of OP has the relation P, to every proper part of itself. 


#17017. +. Pa GJ. Pd 


> => 

#1702. t.a,@eClO'P:(qy)-yea-B.Pyna=PynB:d.aPa8 

This proposition deals with the case where there is a definite first term y 
which belongs to a and not to 8, and whose predecessors all belong to both 
or neither, 
4170-23. bnaCO'P.yea—B—P“(B—a).>: 

: > > 
yminp(a—8).=.Pyna=PynB 

This proposition is useful in case P is well-ordered, since then a—8 must 
have a minimum if it exists (a and 8 being supposed sub-classes of O‘P). 
#17031. :8CC°P.840P.=.(CP) PuB 

This follows from *170°16, as does the following proposition: 
#17032. biaCO’P.qia.=.aPyA 
#17035. F.Ag=A 
#170°38. big! P.>. BOP, =P. BCnv'Py=A 
#1706. F:AP,8.=-BCOP.GIB 

Besides the above, the following propositions should be noted: 
#17036. +. D‘P, =Clex‘OP. U*Py = COP — CP 
#17037. Fig it P.>.0'Py=ClhOrP 
#17044. +: PsmorQ.>.Pysmor Qy 
#17064. brane P.D.(0¢ Ply =(UevyPy t Pa 

This proposition shows that every term added to P doubles the number 
of terms in Py; hence it is not surprising that P, (when P is well-ordered) 
has a power of 2, for its relation-number (cf. *177). 
#17067. Fig I P.W!Q.OPaCQ=A.9.(P $ Qa=s0(Pa x Qu) 
whence 


#17069. Fig it P.qiQ.OPanCQ=A.5.(P $ Q)asmor (Pa x Qa) 


#17001. Py=88 a, @eCKOP.qta—B—P“(gB—a)} Df 
«170-02, P,=Cnv(P)y Df 
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#1701. braPa8.=.4,8eClhOP.qta-B—-P"(B—a) [(#17001)} 
#170101. +. P;,=Cnv(P), [(17002)] 
#170102, t:aP,8.=.4, Be CCP. gq! 8—a—P(a—B) [#1701101] 


Thus aP,,8 means, roughly speaking, that @—a goes on longer than 
a—B, just as aP,8 means that a—f begins sooner. Thus if P is the 
relation of earlier and later in time, and a and 8 are the times when A and 
B respectively are out of bed, “aP48” will mean that A gets up earlier than 
B, and “aP,,8” will mean that B goes to bed later than A. 


¥ > 
#170103. Fi yre PY(B—a).=.PynBCa 
Dem. 


b.487105. Dk ywe P“(B—a). 
[x1051] 


[32:18] 


ru(qa).veB-—a.aPy: 
raeB.aPy.D,+tEat 
=> 
:P'ynBCan Dt, Prop 


i ll 


ul 


> 
#17011. b:.aPyB.=ra,8eClhOP:(qy).yea—-B.PynBCa 
[#170-1-103] 


417012. b:aPa8.=.0, Be COP. g!a—(an B)— PB -(an Ay} 
[170°] . 22°93] 

#170121. bnaPy@.=.0,BeCKOP. 7! (av8)—B—P*{(avg)—a} 
[#170-1 . #22:9] 

¥17013. b:.aPy8.=:(qp,0,7).p,0,yeClOP. 
pay=A.ongy=A.pnc=A.a=yup.B=yva-.Gip—Pc 


Dem. 
b #2424 .*2269. Dbipno=A.a=yup.B=yua.DanB=y (1) 
bk244 Dkina=yup.dipay=A.=.a—-y=p (2) 
b e244. Dn B=yuc.Diacny=A.=.8-y=o (3) 


b.(1).(2).(8).  Dkinpno=A.a=yup.B=yua.o: 
.a—-(anB)=p-B-(anB)=o. 
[*22-93] .a—B=p.B-a=o (4) 
F.(1). (4). DE (ap,.ay)-poyeClOP.pny=A.cay=A.pac=HA, 
a=yup.B=yvo.mtp—Pc.s. 
(Ap, ¢, 7). p,o,yeClOP.pno=A.a=yvp.Ba=yvue. 
anB=y.a—-8=p.8—a=o.qip—P%e. 
[¥13-22] =.a—-8,8—a,anBeClO'P.g!a—B-P*(g—a). 
[¥60°43.424-41] =. 0, Be COP. gq !a—B—P(g—a). 
[#1701] -4Py8:D+. Prop 
R& WII 26 


pay=A.any=A, 


Wom 
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#17014. F:.a,BeClhO'P.Diat+Pyf. 

[ALTO 24°55] 
#170141, F:.4,8eClKO'P.D:a+P,.8. 

[*170-14101] 

sS 
#17015. biaPy 8.3.8 apiP(a-B)Ca 
Dem. 
> > 
b. #4012. 3b: yea—B. 2. p'P“(a—B)CPY. 
+ 
[*22°48] 2.BapP\(a—B)C ee Pry: 
> 
[*22-44] Dkiyea—B. Ba PyCa.d. Bap P\(a—B)Ca: 
ae’ 


> 
[#10°11:23] >: (qy). yea-—B.BaPYyCa.d.BapiPH(a—f8)Ca qd) 
F.(1).#17011. >. Prop 


#17016. biaCO'P.BCa.B+a.d-aP yp 


a-BC P“(B~a) 


-B-aC P“(a— Bp) 


Dem. 
b.*246.3b:Hp.d.qia—B@ (1) 
b.*243.3h:Hp.3.B8—-—a=A. 
[x37°29] >. P«(g-a)=A. 
[#24°101-26] >.a—8-P“(g—2)=a-B (2) 


F.(1). (2). #170°1.5+ . Prop 
#170161. F:a CCP. @Ca.8+a.3.BPi.a 


Dem. 
F.#17016.3+:Hp.d.a(P)i8. 
[#170°101} >. 8P,,a: D+. Prop 

#17017. |. Py CJ.P, Ed 

Dem. 
b.#1701.3b:aPyf.d.qta—B. 
[24-5 5.%22°42] D.a+B. 
[#5011] D.aJB: D+. Prop 


In order that P,, should be serial, we need further that it should be transitive 
and connected. Py, is transitive if P is transitive and connected. But Py may 
still not be connected: there may be many distinct families in its field, though 
all of them must begin with C“P and end with A. For example, if P is a 
regression, the class which takes every odd member does not have either of 


the relations P.,, Py to the class which takes every even member. In order 
that P. should be serial, we require that P should be not only serial, but 
well-ordered, .¢. that every existent sub-class of C‘P should have a first term. 
When P is serial but not well-ordered, P. will, however, generate various 
series contained in it by imposing suitable limitations on the field. 
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#1702. Fs.a,8e CMC'P : (gy) eestiega am Pry aBid.aPy8 
[x1 70°11 . 22-43] 
#17021. F:.aCC'P.D:yminp(a—f).= Hen B. Pole acB 
Dem. 
b.#9311.3b:.Hp.d:yminp(a— 8). 
[#170'103] 


-yea—B—P"(q— 8). 
2 
»yea—B.PynaCBi. Db. Prop 


iH 


ith 


> = > 
#17022. b:.aCC'P.yminp(a—8).I:P¥yn BCacz.Pyna=PynB 
Dem. 
> ~ > 
b. #17021 4°73. 9b: Hp. 3: PtynBCa.=. Py nace. PyagCa, 
[422°74) Py na=Pfyn Bid. Prop 


417023, Fi.aCO'P.yea—B—P*(B—a).D: 


: > 2 
yminp(a— 8).=.Pyna=PynB 
Dem. 
F.#170°103-21.5:.Hpo: 


> > 
yminp(a—f).=.yea—B.PynBCa.PynaCe. 
> > > 


#22°74.4-73] =.yea—-B.PyanBCa.Pyna=PyanB. 
v > 44 
[¥170-108] =.yea—B—P“(B—a). Pyna=PyaB (1) 


F.(1).#5°32. DF. Prop 
#1708, F:aeClKCP. BCa.qta—B.d.aPah [¥170-16] 


417081. f: 8 COP. R40P. =. (CP) PaB [#1 70°16] 
417082, kraCO'P.qta.seaPgd [#1703] 
#17038. Fg !P.=.(O'P)PyA 
Dem. 
b.#33-24. #17032. DRE P.D. (OP) Pad (1) 
be xL701. DE:(OP) Pad. Digi (OP)—A. 
[433-24] DiqiP (2) 
F.(1).(2). D+. Prop 
417084 Fig! P.s.q! Pa 
Dem. 
F.417033.Dbig!P. dea! Pa (1) 
Feal701. Dkiq! Py. dD. (qa, B).a,BeClOP.qla-B. 
[*24°561] D>. (qa). aeClhOP. gla. 
[60361] D.q!OwP. 
[433-24] D.qlP (2) 


+. (1). (2). Dk. Prop 
26—2 
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#17035. F.Ag=A  [*17034. Transp] 
#17036. +. DSP y=Clex'C*P. U6 Py = CHOP — OP 


Dem. 

F.#*17032.3h.ClexCSPCD*Py qd) 
F. #17031 .34. CCP -— OP COPS, (2) 
F.#l701. DkiaeD‘Py.d.(q8)-a, Be ChOOP.qla—B. 
[*24°561] D.aeClOP gta (3) 
b.#1701. Dkr ae C'Pa.D.(q8).a,8eCKOP.q!B—a. 
[*60°2] D.aeClOP.q!OP—a. 
[*24°6] D.ae COP — vO"P (4) 
F.(1).(2).(8). (4). 5. Prop 

#17037. Fig! P.3.C*Py=ClOP (*170°36] 

#170371. b. O*Py C CHOP [#1703735 . #38241] 


¥17038. F:iq!P.>.BSPy=C'P.BCnv’Py=A [#17036] 
The following propositions lead up to *170°44. 


W704. br Sel 1. C'Q= O'S. 9. (83Q)a = 55Qu 
Dem. 
b.¥170°1. #150'4.43711. 2b: a(S Qu)B ess 
(a7) «9, 8e ClO. a= Sy. B=SB. og ty—S—Q4(S—y) (1) 
F.(1). DF: Hp.>: 
a(S3Q.)8 «= «(sy 8) «9, Se CHAS. a= Sy. B= SS. 
aty—8-Q“(S-y)- 
(qd) +, Se Cl. a= Sky. B= 83, 
a! S*{y-3- Q“(8—y)}. 
[¥71:381] =. (ay 8) «9, BeClhOS a= Sy. B= SS, 
a! Sy — S63 — SHQK(S—y). 
[k72'51 Lw71-38]= . (qy, 8) «9, 8¢ OKO'S. a = Sy. B= SS, 
1 Sy — SS — SHQESH(B—a). 
[#13°193.437'33]= . (Gy, 6) ye CASS. a= Shy. B=SS. 
a!a—B—(SiQ)(B—«). 
[¥71-48,.437°23] = .a, Be CID‘S..q La—B— (SQ)(8 —a). 
[#150-23] =.a, Be ClKO($3Q)..q La—B-(S3Q)(8 — a). 
[4150°12.4170-1]= a (93Q)i8 i. DF. Prop 


[437-43] 
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#17041. F.(SPCQ)IQ, = S5Qy  [¥150-03 . #170371] 


#17042, F:SPOCQel a1. CQCAS.3. (SQ a= SiQa 
Dem. 


F.x15092.  Dh.(SQ) a= (ST CMIQla () 
F. (1). #1704. Db: Hp. Dd. (SIQa = (SP CQ)SQa 
[x170°41] =83Qy: 2. Prop 


#17043, F:SPOQe PsmorQ. >. Sf OQae Pysmor Qy 
Dem. 


+ .4151'22.%17042. DF:Hp.d.Pa=S3Qu (1) 
b #74131 .4170°371.Db: Hp. >. Sef CQael—l (2) 
b.x87-231. Dk. Oy CAS (3) 
F.(1).(2).(3). #15122. DF. Prop 


#17044, +: PsmorQ.>.PysmorQ, [#17043 . #1512312] 
#1705. F(a ay=(a) LA 


Dem. 
F.#170°36.#55°15.3+. D2] zy =Clex‘t'x 
[*60°37] = Ua () 
b. #17036. #5515. 3b. U(x] a)y = Clitfa~ofefa 
[*60-362] =A Q) 


F.(1).(2).*55°16 . D+. Prop 


#17051, biaty. D(elygy=(ave'y) lieu vety) yu (eu lyy lA 
viteleyoralAviylA 
Dem. 


— — 
b.x55138.IF:Hp.d.alya=A.clyy=i@ (1) 
F.#17011.#5515. 3b: Hp. dia(elyaB-=: 

_—_ 
a, Be Cl(ilau tty): (qz).zea-B.alyenBCa 
[*60°39] Sraslavuily.vi.a=Ua.viaalvy:BCuauly: 
_—> 
(qz).zea-—B.aly’znBCa (2) 
—_ 
b. #51285. 3b irasufmulty.d:.(qz).-zea-B.alyiznBCa.=: 
——+ _— 
vwea—-B.alyanBCa.v.yea—-B.xlyynBCa: 


{q)] sizea—B.v.yea—B.tianBCa: 
[Hp.*22°43:58] =:r2ea—B.v.yea—B: 
[#51-232.84°73] St anreB.v.yreB (3) 


b.e544.3b:: Hp. 3: BCiweuiy.areB.=:BHly.v.B=A (4) 
b.k544. 5h Hp.dn BCuavuily.yre B=: B=ta.v. Bear (5) 


Ml 
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F.(2).(3). (4) (5). 

Frastaeuly.dra(el yj B-=:B=e.v.B=iy.v.B=A (6) 
F.(1).(2)- 3b: Hp. Dtra=te.Ina(elyy Bsr BCravuiy.arvep. 
[4] =:B=ly.v.B=A (7) 


F.(1).(2)- Db Hp.dnasvy.diaelyyh.=. 
BCieuty.yreB.tanBCa. 
BPCimvuly.yreB ares. 

~B=A (8) 


[¥51-211] 
[54-4] 
bk. (2).(6). (7). (8). DF. Prop 


#17062. Fivty.d.(al yaga(evity) | uotiyla 
Dem. 
be kBB15. Db. OSf(e@ vety) | ofa} fT Cff{ety | A= 
fet(ula v ufy) uw ofeach F {ety w fA} 
[#5552] =(xuly)Liyu(avey)liAuialiyuualA (1) 
b.(1).#170°51 .#160-1.31. Prop 


Milt 


41706. F:AP,6.=.8COP.g!8 [¥170°32°101] 
#170601. biaP,,(O'P).2.aCCP.atOP [*17031:101] 
#17061. bi.areOP. gt P.veanB.d: 
a(x P)y B=. a {('ev)iPy} B.=«(a—e'a) Py(B—-t'x) 
This and the following propositions are lemmas for 
ave OP .D. (nt P)g=('evyiPa ft Py (*170°64). 

Dem. 

F.xl6L111.3b::Hp.diyeR.y(a@t P)z.dy-years: 
yeB.yPz.d,.yearyeR.yma.zeOP.),.yea: 

[¥13°191.*83:17] =: ye R8—t'a.yPz.d,.yea—UeiveB.zeOP.d.zea: 


[Hp] sryeR—tae.yPz.d,.yea—Ue (1) 
f.5134.5F:Hp.3.-B=—-t'an—Bp. 

[%22°481] D.a-B=a—t'x—-B 

[*2421] =a—lan (au — fp) 

[22/86] =a-1'2—(8 - U2) @) 


F.#17011 .¥16110114. 5+: Hp. dina(aed Pia B=: 
a, BeCl (CP v fa) (qz)izea—BiyeR.y(ewed P)z.d,.yeat 
ra, Be C1( CP vu i'x):(qz)izea—U'a—(B—Ua) rye R—Ua.yPz.D,. 
yea Ua: 
[¥24°43] =:a~fe,B— tae ClCSP i (qz).zea~—t'a—(B—Ua). 
Peon (B—'2)Ca—ve: 


[@).(2)] 


[#170°11] =: (@—-t@) Py (8 - tx): 
(#51221) =: {(t'e v))Py} Bi: Db. Prop 
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#17062, bi.aneC'P. qt P.xea—B.>: 
a(ee P)y B= -aCiaeulP.BaCcoP 


Dem. 
b. #16113. Hp. diaveC(aed P): 
[#1053] DiyeB.y(a@H P)a.d,-yea: 
[Hp] Divea—BryeR-y(wdP)a.Dy.yea: 
[#17011] Dia, BeClhC(aet P).D.a(etP)a Bi 
[*161-14,.Hp.42449] DiaCiweu CP. BCOP.I.a(w@4 Pia a) 
F. #17011 .#161'14.) 
br Hp. d:a(etP)y Bh. D.4, Be Clute CP). 
[¥24'49.Hpj DiaCumv OP. @COP (2) 
F.(1).(2). 34. Prop 


#17063. bi.a~ve(au B).Dd:a(ed P)y B.=.aPa 8 

Dem. 
+. #2449. #16114.3b:.Hp.d:a, Be Cl'O(ee P).=.a,BeClO'P (1) 
Fe¥ld14. Ski Hp.diyeR.diy +a: 
[¥161-111] Diy P)z.=.yPz (2) 
t#17011.3h:: Hp. dia Py B-=: 

a, BeCl(we P)i(qz):zea—BiyeB.y(e@q P)z.dy.yeat 

((1).(2)] =:a,BeClhO'Pi(qz)izea—BiyeR.yPz.dy.yeat 
(#170 11] =:aPy Bis D+. Prop 


#17064. brave CP.D. (v4 Ply a(uie vyPytPy 
Dem. 
+. *170°61°62°63°37 . > 


FiHp.q!iP.dia(e@eq P)y B=: 
zeanB.a{(i'euy Py} B.v.cea—B.acC(i'rupPy.BeCPa.v- 
a~ve(au )-aP4 8 (a) 
b. #1504. Dksaf{(ulcvupP}B.d.veanB (2) 
F .#150°22.%17037 .Db:. Hp. DiaeO(ue viiPy.BeCPy-I.vea—B (3) 
b. #1701. Dr: Hp.d:aPyB.d.cvre(an BP) (4) 


F.(1).(2).(8). (4). Dk: Hp. !P.ds. 
a(n P)yB.=ra {('avy Py} BaviaeC(avyPy.BeCPg.V.aPaB: 


[K160-11] Sr a [('w v)3Pyt Pal B (5) 
fF. #161201. 9+:P=A.D.2¢ PHA. 

[*170°35] D.(@4 P)y=A (6) 
b.#150°42 . *160°22.#170°35. 3b: P=A.D.(ueujPya ft Pa=A (7) 
b.(6).(7)- DE: P=A.D. (ot Ply =(i'aviPa t Pa (8) 


F,(5).(8).9F. Prop 


408 RELATION-ARITHMETIC [PaRT IV 


The following propositions are lemmas for #170°67, i.e. 
Gi P.gqiQ. OP an0Qa=A.3.(PEQa= 8CH(Py x Qu), 
which itself leads to *170°69, 7.e. 
HIP .giQ.CPaCQ=A.9.(P4Q)qasmor(Py x Qu). 
#17065. bi.p(P£Q)ao. =: (qa, By, 8)24, Be ClOP . 7, 8e ClO". 
— > 
p=avy.c=Bvud:(qy).ye(auy)—(Bv 8). PRO ya(Bud)Cavy 
Dem. 
b. #13193. Ds. (qa, B,7,8) 24, Be COP .y, Se ClO" .paauy.c=Bud: 
— 
(ay) +ye(av 9) (B48). POY a (Bus) Cavy: 
=1(qa, B,y,8)1a, Re ChCP .y, SeCl O°. p=avy.c=Bvb: 
_— > 
(ay)-yep—o-PFQynoCp: 
[*60°45] =:p,ce Cl(C'P vu C'Q): (Gy) -yep—o.PEQYnaCp: 
— 
[¥160°14] =: p, ce CLO(P AQ): (gy) yep—o»-PEOYncCp: 
[#17011] =: p(P£Q)ao2.IF. Prop 
#170°651, b:. O6P an OQ =A.a, Be CCP. y, Se ClOQ. yea. Dd: 
——> > 
ye(avy)—(Bv8).PAQ ya (Bud) Cauy.=.yea—B.PynBCa 
Dem. 


fF. *24402313.9b:Hp.> avy)—(By 8) =(a—8) v (y—8) (1) 
bexlGO1l, Dh: Hp.d.PRQy=Py (2) 
F . #24402. Dr:Hp.Diyrey: 
{Q)] ae YR evoy-Bue)eS yea 2 (3) 
b.x8315161. DF. Py COP. 
[24-402] Dt:Hp.d Fys é=A. 

— > ad 
(2)] 2. PEQyn(Bv)=Py ns, (4) 
[#24402] 2. PROYA(Bvday=A (5) 


b.(4). (5). #2449. Db: Hp.d:PHO'yn(Bvs)Cavy.s. 
~ 
Pynpca (6) 
F.(3).(6). DF. Prop 
#170652. F:. Pa CQ=A.a, Be Cl OP. y, Se ClO. yey. 2: 
— 
ye(av 9) (vd). PEOYn(Bvd)Cavy-s. 


BCa.yey—5.QyndCy 
Dem. 


fF. #24-402°318. 3+: Hp.>.(auy)—(B v 8) =(a—8) v (y —8) qd) 
b.x24402. Dt:Hp.d.yrea (2) 
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F.(1).(2). ae Byer yelauy) (GM eyean gene (3) 
b. #16011. Dt: Hp.>.PROy =P u Gy. 
[¥22-621.¥24-402] 2. PHO‘ n(Bvd)—BuGynd) (4) 


F.#2449. DE:iHp.d:BCavy.=.8Ca: 
= 


~> 

Oy nSCauy.=.QyndC 5 

F.(4).(5). Dk:.Hp.d: fo 
> 


—~> 

PEOyan(Bvs)Cavy.=.BCa.QyndCy (6 
F.(8).(6). DE. Prop ant , 
#170653. bs: C’P nO°Q =A. a, Be CCP. 4, de CCQ. Ds. 


(av y)(PFQOa(B¥ 8)-StaPyh.v.a=PB.yQad 
Dem. 


F.#170-11. 3h :: Hp. d:.(auy)(PRQ) (Rv d).=! 

(ay) -ye(av 7) —(8¥8). PE Oy n(Bv8)Cavys 

r(qy)-yea—B.PynBCaiv: my 
BCaz(qy)-yey—5.QynbCB: 


[#170-651-652] 


[#17011] SraPyB.v.8Ca.yQad: 
[¥170°16] =raPyB.viaPy BqQud.V.a=B. Qu d: 
[#4°44] =raPyB.v.a=8.yQ. 522 D+. Prop 


#17066. big! P.g!Q.OPaACQ=A.): 
p(PEQ)o.=.(99,8,9,8) «(yb a) (Pax Qu) (6) 8)-psavy-c=fhud 
Dem. 

+. 1706511.) 

ip(PAQao +=. (af, 8,7, 8) «a, BeClOP .y, 8e COQ. 

paavy.c=Bvd.(avy(PFQa(Bvs) (1) 

F.(1). #170633. 3+: Hp.d:. 

e(PEQ)ao =: (qa, B,y,8)1a, Be ChCP .y, SeCl CQ. paavy.c=Bvusd: 

aPyB.v.a=B.yQu8: 

[k170°37] =: (qa, By, 8) 14, Be Of Pyog, SeOCQy pravy.c=Bhvs: 

aPyBav.a=B Qa Sd? 


(a4, 8,7, 8)-(y ba) (Pax Qa (SB) pHavy.c=Ause 
DF. Prop 


[*166-112] 


Ul 


#17067. FigiP.g!Q.C°oPaCQ=A.9.(P£Qu=8O(Pa x Qa) 
Dem. 
+. #17066 . #1822. DFi:Hp.3:.p(P#Q)o.=: 
(9a, 87,8, B,8).R=yla.S=8)B.p=avy.c=Busd. 
R(Pax Qa) St 


410 RELATION-ARITHMETIC [PART IV 


(ma, B,4,8,R,8).R=yla.S=d] 2. 

p=sCR .c=s'OS. R(Pa x Qa) S: 
1(qR, 8). p=sOR.c=s8'CS.R(PaX Qu) S! 
rp {9903(Pa x Qu)} ori DE. Prop 


#17068. Fig! P.qiQ.CPacQ=A.). 
(8| C)f C(Pa x Que (P$Q)q sta0F (Par x Yar) 


[#55°15.%53-11] 


[¥166-111} 
[#1504] 


ll 


Dem. 
b. 55°15 .*53'11.5 
be R=yla.S=8) 8. SOR=8CS.D.auy=Bvd (1) 
F. (1). #2448. > 
bit Hp. Dna Be COP. y,deClO"Q. Ray 1 a.S=5 | B.sCR=s'OS.9. 


a=B.y=5. 
[*55°202] 2.R=S8 (2) 
b. (2). #16612 . #170387. 
br. Hp.3: RB, SeC(Py x Qu). sCR=s8CS.D.R=8 (3) 


F.(3).#151-24.*170°67 . D+. Prop 


#17069. big! P.q!Q.O'PnOQ=A.>.(PFQ)asmor (Py x Qu) 
[#170°68] 


«171. THE PRINCIPLE OF FIRST DIFFERENCES (continued) 


Summary of *171. 

In this number, we shall consider a more restricted form of the principle 
of first differences, which is applicable when there is a definite first member 
of one class not belonging to the other class. In this case, if z is the first 
differing member, the part of @ which precedes z is to be the same as the 
part of 8 which precedes z. If z belongs to a and not to f, we put a before 8; 
in the converse case, we put @ before a. In case 2Pz, z itself is not to be 
counted among its own predecessors; thus the predecessors of z are to be 
Pee—t'e, Hence the relation in question will hold between two sub-classes 
(a and @) of C‘P when there is a z such that 

eee a Pa AWS Pee uz n B, 
or, what comes to the same thing (owing to z~€ 8), 
He BeE PRaGe Penk: 

This relation between a and 8 we denote by “Py,” where “df” stands for 
“difference.” 

Thus our definition is 

bs > ~ 
P= 48 (a, Be COP: (qz).zea—B.P'ena—te=Pienp} Def. 
On the analogy of P,,, we put also 
P= Cav'(P)ap- 

When P is well-ordered, Pa, and P,q coincide respectively with P. and 
P,. Their properties are closely analogous to those of Py and P,,. Thus 
eg. the following propositions remain true when P,; is substituted for Py: 

#170°17'35'36'37-38-44'5'51 ‘526467 68°69, 

The only new propositions to be noted in this number are 

#1712, -:PGEJ.3. 
a = => 
Pap = 4B (a, Be CUO'P : (qz).zea—B.Pena=P*zn Bp} 
#17121. +. Pa Pa 
and the following formulae suggesting an inductive identification of P, and 
Py in cases to which such induction is applicable: 
R17L7. bi Pa = Pyare OP... (2 Pha =(at P)g 
#17171. bi CP AC Q=A. Pat= Pa Qar= Qn +2 -(PRQ)a = (PAD a 

These propositions are however superseded (at a later stage) by the proof 

that Py and Pa, coincide if P is well-ordered (*251-37). 


The chief property of Par is that its relation-number is 2, to the power 
Nr‘P. This will be proved in #177 and *186-4, 
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A > > 

#17101. Pap =G8 (a, Be CIC'P 2 (qz).zea—B. Pena—ue=Pzenp} Dt 

¥17102. Pyy=Cnv(P)qy Df 


= 
ITLL, be ePy Botta, Be ChCP s(qe).20a—8. Piena-vewPenB 
[(#171-01)] 


#171101. b. Pig Cnv(P)ae [(4171-02)] 
#171102. F:.aPi4Q.= 10, Ae OK C'P (qe). 2e8—a. Pen f—tes “ena 
[x1 71°1-101] 
#17111. FisaPy RB. sira, Be ChCP: 
(qz)i.2ea—Bs.yPz.y#2.dy:yea.=.yeR [x1711] 

#17112. F:.aPyB.=ia, Re ClOSP: xe 
(qz).zea~B.Plena—te=PeaB—e'e [xT . #51222] 

#17113, +. 0'Py C CKO [x1 TIL] 

#17114. braCO'P. zea. Dd. aPa(a— ez) 


Dem. 
F.#5121.3+:Hp.>.zea—(a—e%z). 
> > 
[¥13°15] D.zea—(a—t2). Plena—liz= Pen (a—t), 
[*171-12] D.aP i (a—0%2): D+. Prop 
417115. F:@6CCP.zeCP-8.3.(B vez) Pub 
Dem. 
F.xSL16. Dh: Hp.d.ce(Bve)—B eh) 
F.#51-21122. DF: Hp. d.(Bves)—uz=B. 
[#22481] >. Pen (Bvtte)—te= Pen (2) 


F.(1). (2). #1711. 24. Prop 
17116. +. D‘ Py, = Clex'O"P. OU‘ Py = ClhO'P — uP 


Dem. 
b.xl7214. 3b :aeClex‘O'P.D.aeD'Py qd) 
F.xITL1L. DkiaeD*Py.D.aeClex*O*P (2) 
F.(1).(2). DE. D*Py = Clex‘O*P (3) 
Fexl7115.5F:Be ChCP. qiCP-8.3.BeUPy: 
[*24°6] Dk: BeClOP-1OP.D. Be TP (4) 
Feal7l1. Dk: BeC*Py.d.ReClKOP.q!CP—B. 
[*24-6] D>. Be ChCP — UCP (5) 
F. (4). (5). DE. USP yy = COP — u°0*P (6) 


F.(3).(6). DL. Prop 


SECTION ¢] THE PRINCIPLE OF FIRST DIFFERENCES 413 


#17117. 


Dem. 


#171°18. 


Dem. 


#17119. 


Dem. 


#1712, 


Dem. 


#17121. 


Dem. 


4171-22. 
#1714, 

¥171°41. 
#17142. 
#171:43. 


Fig! P.3.0°Py=ClKOP 


Feel7116. Db raeClO'P.atA.d.aeD Pay q) 
F.wl7116. 3b :aeClCtP.at06P.D.aeO' Py (2) 
F.(1). (2). DEraeClhOP.w(a=A.a= CP).D.aeO'Py: 

{¥13171]  DksaeClCrP.OP+A.Dd.aeOPy (3) 


bk .(3).#33-24. +. Prop 
bigtP.>.BPy= OP. BCnv'Py =A 


FealTL16. Db. BePy=Clex‘OP — (CKO — vOP) 


[e243] = Clex‘"P na vO'P (1) 
b.(1).86035.Dbig!P.D. BPy= OP (2) 
bexl7L16. Db. BCnv!Py = Cl CP — CP — Cex OP 
[*60:24] =A OP (3) 
b.(8). 433-24. D bgp! P.D. BeCav!Py etl (4) 
F.(2).(4). DF. Prop 


b:P=A.3.Py=A 


F.¥6038. x17116.:Hp.>.D'Py=A. 
[¥33:241] D.Py=A:Db. Prop 


Be = > 
trPGJ.3. Py =a {a, BeClC'P:(qz).zea—B. Pen a= Pen B} 


> 
F.#50°11.%3219.5+:Hp.>.P%C-usz. 
> 


[#22621] D. Pence Pena (1) 
F.(1).#l 711.34. Prop 
bs Py € Pa 


Fy «L711. *22'43.5 
btaPy 8.214, 8eClKOP :(qz).czea—B. PienBCa: 
[#17011] D:aP,8:.Db. Prop 


Po @J [170-17 #17121] 

ki Sel—+1.0Q=C'S.5.(85Q)a¢=Se3Qae [Proof as in ¥170°4] 
Fs (SP CQ)? Qar = Se3 Qar (Proof as in #170°41] 
Fr SP O'Qel 1. OQ CAS. >. (S3Q)ar=Se3Qar [KLT1-441] 


Fb: SP OQe Psmor Q. >. Sef CQare Pa Amor Qur 
[Proof as in *170-43] 
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#17144. b:PsmorQ.>.P4,smor Qa, [171-43] 
1715. FA (el oy (Ur) LAH] aa 

« Dem. 

ba wl711. #5515. 

_— — 
baa) a) B.S, Be Clue: (qz).zea—B.alaena—venaleenB: 
[#17116] =:aeClexi'x. Be Clete —Uela: 

— — 
(qz).zea-B.clatzna—te=alaenB: 

_— _— 
[*60°36237]  =ra=t'e.B=A:(qz).zele.claena—ivc=alatenB: 
[¥#13°195] a=t@.B=A.Uaena—Ue=tenB: 

[¥24-21-23] a=le.BoA.A=A: 
[131545513] =: {(u'e) | Al @ Q) 
b.(1).*170'5. D+. Prop 


wI7L61, F.C Lya=(@d ya 
Dem. 
Feal7L1. Db aol ya Be =24, Be Clee vity): 
— —+ 
(qz).cea—R.alyena-vz=alyeng: 
[aL71-16] = 2 ae Clex‘(t'e v uty). Be Clue u tty) — (efa v ofy)s 
—~> 4 


(qz).zea—Bialyena—tz=alyenB: 
(¥60°39] S:asteuly.v. aie Via=Uy: Bava. v. B=l'y.vi.B=A: 


(qz).zea—B. alyenante=alyenk (1) 
> 
bi 5513. Dhan aty. diol yyota. #1 ins Ai (2) 
[%51°222} Dia=Uweuty. Bate: >. 
yea—P. al yynantynon zlyynk. 
[Q)] >" aPaB (3) 


F.(2),DFirety.aaiauly.P=ty.d. 


wea—B. alyene= tae A= alyong. 
[ay] > .aPaA (4) 
F.(2).Dbraty.a=iieuly.B=A.D. 
—_ > 
zea—B.elyena-vazA=alyaeng. 
[)] 2.aPar (5) 
F.(2).Dbiety.a=ve:B=A.v.B=ty:d. 
— — 
wea-B.clyfena—ve=A=alyane. 
D.aPaB (6) 
F.(2). #2423. Dbia+y.a=ty.B= Ae >. 
yea—B. al yena—vy= A==slyyn8 (7) 
F. (8) «(4)» (5) (6). (7). “17051. Dhrety.d-@Lya@l ya: 


(#171-21] D-@bya=(@#Lya (8) 
F.(8). #1715. +. Prop 
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#17152. Piety. d.(elyaga(evey) Untey la 
[a171-51 #17052] 
#17164, brane OP. Dd. (ad Pra = (Ua vi Pat Par 
The proof proceeds by the same stages as the proof of «170-64, 
ITL67. big iP. GglQ. CP nCQ=A.3.(PEQ)a=siCH(Pat x Qa) 
[Proof as in *170°67] 
#17168. FiqgiP.qiQ.OPaCQ=A.D. 
8] ct (Pa Qar) ¢ (PF Q)ar8m0F (Pa x Qat) 


[Proof as in *170°68] 

eL7169. Fig! P.giQ.OPaCQ=A.d.(P£Q)asmor (Par x Qar) 
[#17168] 

¥17L7, bt Pay = Paar eOP.da(ad Phy =(@ 4 Pra 
[#17164 . #17064] 


MTLTL. bs OP a CQ=A. Pu = Pa + Qe = Que 2+(PEQar=(P£Qa 
[#170°67 . #17167 . #160°21:22] 


#172. THE PRODUCT OF THE RELATIONS OF A FIELD 


Summary of #172. 

In this number we have to consider the form of product which is applicable 
to any relation of relations, whether mutually exclusive or not. If our relation 
were a Rel? excl, we could take C‘C*P, and order selected classes from CCP 
by first differences. This would give us a relation whose field would be 
Prod‘C“C*P. But if any two fields overlap, this method fails. We might 
substitute e4‘C“C*P for Prod‘C**C*P, and order the members of e,*O"O*P 
by first differences; but this method will not give what we want if two or 
more members of C‘P have the same field. In order to avoid any confusion 
due to repetition, we must, if QeC*P and xe C*Q, consider x in connection 
with Q, not merely with C*@. That is, the relations in the field of the 
product of P must be such as concern themselves with the ordered couple 
«JQ, not merely with «. The simplest way of effecting this is to consider 
FsSO‘P. A member of Fa‘C*P, say M, is a relation which picks out a 
representative of Q from the field of every Q which is a member of C‘P; 
that is, whenever Qe O°P, M‘QeC*Q. Since we have M‘Q, not M‘C‘Q, two 
relations may have the same field and yet we can distinguish the occurrence 
of a given term as the representative of the one from its occurrence as the 
representative of the other. Thus no degree of overlapping will cause 
confusion. 

The relations which compose F',‘C*P are to be ordered by first differences, 
but in order to distinguish different occurrences of a given term, we must 
give a slightly different form to the principle of first differences from that 
employed in ¥170 or #171. The new form of the principle is as follows: 
Consider two relations M and N which are members of F4‘C*P. Let Q be 
a member of C‘P in which M chooses a representative which precedes that 
of N, ie. in which (M*Q) Q(N*Q); and let all earlier relations than Q, i.e. all 
relations R such that RPQ and R+Q, have M‘R=N‘R. Then we say that 
M precedes N. This principle may also be stated as follows: We may 
divide the members of C‘P into four classes, not in general mutually exclusive, 
namely: 

(1) those in which (M‘Q) Q(N*Q), i.e. in which the M-representative 
precedes the N-representative; 

(2) those in which (VQ) Q(M‘Q), 

(8) those in which M‘Q = N‘Q, 

(4) those in which no one of the above three relations of MQ and N*Q 
occurs, 

Then we shall say that M precedes NW if there is a member of class (1) whose 
predecessors all belong to class (3). 
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In case all the members of C*P are serial, the fourth of the above classes 
is null, and the other three are mutually exclusive. If, further, P is well- 
ordered, any two different members of Fs‘C‘P must be such that one precedes 
the other in the above-defined order. Thus in this case the product of a series 
of series is a series (cf. *251), 

The definition of the product II‘P is 

Tl'P = WN (M,Ne FOP. 
(HQ) + (MQ) Q(W"Q): RPQ.R+Q.22-MR=NR} Dee 
Owing to the complication of this definition, the proofs of propositions of the 
present number are apt to be long. 

Various other definitions might be adopted for II‘P, but we have found 

the above definition on the whole the best. 


We might, for example, drop the condition R+@ in the definition; we 
could then write our definition in the simpler form: 


TP = AN (M, Ne Fa'C'P : (qQ). (MQ) Q(N'Q). MP P'Q= NP PQ), 
which, with our definition, is only available when PGJ. But if we adopt 
this simplification, we no longer have 

(P| P)=P 4 P (#172'2), 
which is a very useful proposition, required in the proofs of #183-13, *185°21 
and other important propositions. 


On the other hand, we might frame our definition on the analogy of Py 
rather than, as above, on the analogy of Py. The definition would then be: 

WP =MN (M,N e FCP: 

(or@)  (M‘Q) Q(N"Q): RPQ.I2- (MR) (Rw 1) (NR) 

This definition does not assume that there is a first relation Q for which 
the M-representative precedes the N-representative. Thus it might be 
thought that it would give better results in cases where P is not well-ordered. 
But in fact this is not the case. If P is not well-ordered, it may happen that 
every Q for which (M‘Q) Q(.N*Q) is preceded by one for which (W“Q) Q (MQ). 
and vice versa; in this case, we shall have neither M(II‘P) N nor N (II‘P) M. 
Thus our suggested new definition does not secure that II‘P shall be a series 
whenever P and all the members of C‘P are series, and therefore has no 
substantial advantage over the simpler definition which we have adopted, and 
has the disadvantage of greater complication. 

In the present number, we first prove that TI‘A =A (#172-13) and that 
AeC'P.D.1*\P=A(#17214), so that a product is null if any one of its 
factors is null. We then proceed to propositions about OP, BIEP, ete. 
We have 


=} 
#172162, Fk: qi P.D Bap = BOP. BCnv TP = BafCnv“O'P 
R&W IL 27 
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e17217. Fig iP.d.CMP=FyOP 

Hence we derive propositions as to the existence of II‘P. We have 
4172-181. Fs. Multax. D:AveO'P.q!P.=.q!I'P 

Thus assuming the multiplicative axiom, a product which has factors none 
of which are null is not null. 

We then consider I1(P | P), and 1¢(P | Q) where P+Q. We have 
#1722. +. ICP) P)=P J P 
which is a useful proposition, and 
#17223. /:P+Q.3.I1(P | Qjsmor P x Q 
which connects the two definitions of multiplication, showing that they lead 


to equivalent results for any finite number of factors, i.e. whenever the 
definition of «166 is applicable. 


We next consider II“(P 4 Z) and (P49), proving 
#17232, bs: ZreCP.D.1¢(P +42) smorl‘P x Z 
with a similar proposition for Z + P («172°321), and 
#17235. bigtP.g!Q.CPadQ=A.9.0¢P4Q)smor II‘P x IQ 
which is a form of the associative law using both kinds of multiplication. 
The kind which uses only II will be proved in «174, 


We have next the proof (with its immediate consequences) that if 
P and Q have double likeness, [I‘Psmor II‘Q. We prove 
#17243, +: TP O*S‘Qe PsmorsmorQ.>. 

(T || Cuv‘ T+) f CtIT*Q ¢ (IE‘P) smor (II*Q) 

This proposition should be compared with *114°51, which is its cardinal 
analogue. It will be seen that the correlator only differs by the substitution 
of T+ for Te. From *172-43 we obtain 
#17244. |: PsmorsmorQ. >. II‘P smor IIQ 
whence 
172-45. +s. Multax.3:P,Qe Rel’ excl. gq! Psmor Qn Ri‘smor.d. 


II‘P smor IT*Q 
Other propositions about II‘P will be given in #174, 


#17201. ISP =MN{M, Ne POPs. 
(qQ) :(11°Q) Q(N*Q): RPQ.R+Q.22-MR=N'R} DE 
41721. bi: M(IP) Ns. MWe POPs. 
(qQ) : (MQ) Q(N*Q): RPQ.R+Q. D2. MR=NR 
[(#172:01)] 
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#17211. bi: MIP) N53. UM, Ne FCP: 
(qQ) + Qe OP. (MQ) Q (INQ): RPQ.R+Q.32-MR=NR 


bewle21. F : (MQ) Q(N*Q).D. EI MQ. 


[433-43] >.QeIM (1) 
F.(1). #8014. bs. Me FatOsP. >: (MQ) Q(N*Q).3.Qe OP: 
[¥4°73] 3: (MQ) Q(N'Q).=-QeOP.(MQ)Q(NQ) (2) 


F.(2). «1721.5. Prop 
#17212. +. O9NPCRLOP 
Dem. 
b.41721. Db: MSP)... MN FaiC'P (1) 
F (1). #33352. 5+. Prop 
#17213, -.TAS=A 


Dem. 
b.«172-11. DE: M(UIISP)N.D. qi CP. 
[483°24) D.qIP (ql) 


+.(1). Transp. Dt: P=A.>.(M,N).~ (M (IP) N}: D+. Prop 
17214. b:AeCP.D.IKP=A 
Dem. 
> 
+. 433-245. Db. FFAS A. 
[#3341] Dk. Awe OF. 
[x8021] Dh:AcOP.D.FsOPad. 
(#172°12.%33°24] D.MP=A:D+. Prop 
172141. bi GQ iIP.D:QeC'P.Dg-G1Q [¥17214. Transp] 
> 
The following propositions are concerned with C*II‘P, B‘II‘P, etc. 
#172°15°151°16-161 are lemmas for *172°162°17. 
#17215. b: Me FsO'P. Qe OP. (MQ) Qy. Dd. M(T'P) {Mf -e Quy LQ} 
Dem. 


b.*8041.3h:Hp.>.Mp—-vQuy | Qe FCP ; qd) 
F. 435-101. #5513. D 
biz{MP-eQueylQR.=:R+Q.2MR.v.R=Q.25y (2) 


F.(2).%80°3.3 
bz. Hp.d:R=Q.9.{MP-iQuy] Qi Ray: 
ReOP.R+Q.3.{MP-cQey| QR=MR: 
[Hp] 3:(MQ)Q{MP-eQuy 1 QQ: 
ReOP.R+Q.>.{MP—eQuy] QR=M'R: 
[#33-17]'D : (MQ) Q (MP —eQuy] QHQ: 
RPQ.R+Q.3n-MR={Mf-1'Quy] QR: 
[¥1721.(1)] Ds (IEP) (Mp —c'Quy | Q}:.D+. Prop 
27-2 


420 RELATION-ARITHMETIC [PaRT IV 
#172151. b: Ne Fy6OCP Qe OP. yQ(N'Q).3- 

(Wh-cQuy] QUI) N [Proof as in #17215] 
#17216. b: Me FSCP. Gi M+B.D. Me AIP 


Dem. 
b.472-93.. 48014. Di: Hp. Ds. ME B.2:QeOP. D9. (MQ) BQ: 
[Transp] Inq! MLB. =:(qQ).QeC'P.~ (MQ) BQ}: 
[#93+1.480°3] D:(qQ). QeOP.MQeAQ: 
[¥33°131] 3: (40.7). QeOP.4Q (MQ): 
(#172151) 2: MeQI‘P:: D+. Prop 
4172-161. b: Me Fa'OP. 4! M+~BlCnv.>.Me DUP 

Dem. 


b. 72°93. #8014. Db:: Hp. Ds. 

MGB|Cnv.=:QeC'P. Dg. (M*Q)(B| Cav) Q: 
[¥71-7] =:QeCP.2o.(M‘Q) BQ: 
[Transp] Di! M+ Bi Cov. 2:(qQ).QeOP.~ (MQ) BO}: 


[#93'1.%80'3] > 1(qQ).QeCP.MQeDQ: 
[¥33°13] 3:(G9, 9). Qe CP. (MQ) Qy: 
[#17215] 3: MeDII'P:: D+. Prop 


The following proposition is important. It shows that, if C“P consists of 
series, if any member of C‘P has no first term, [I‘P has no first term, but if 
every member of C‘P has a first term, the selection of all these first terms is 
the first term of II‘P. 


<> 
#172162. F:q!P.>D. BSP = BysCP .BCny IP = Ba‘CnvC'P 
Dem. 


b 499-103. #172-12'16. Transp. Db. BMP C FytO'P n RIB () 
b.*72°93.5 

bi Me FCP. MOB. Qe OP. >: (MQ) BQ: 

[498-1] 3: (MQ) DQ: 

[433-13] >: (ay) « (HQ) Qy 

[4172-15] D:MeDIP (2) 
F.(2).41011-2335. Dh. qt P. D1 Me FCP aRKB.>.MeDUP (3) 
baal 7211. dh: VeG‘P.d.(4Q, M). Qe OP. (MQ) Q(0*Q). 
(93-1) D.(qQ).Qe OP. ~ {("Q) BQ} . 
[¥72-93] D.n(NGB): 

[ssenep -4y | Dh: MGB.2.M~veGeP (4) 
F.(1).(8).(4). Dkr Hp.d. BI P = FOP n BIB 

[48017] = BOP (5) 
Similarly b:Hp.2. BCnv‘T'P = BatCnvCeP (6) 


F.(5)-(6). DF. Prop 
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The following proposition is much used. 
H17217. big !P.D.CU'P=FaOP 

Dem. 
F . #172°16°'162 . 5 
t:.Hp.Me FCP. 3:q1M+B. >. MeGIP: MGB.D.MeB UP: 
[93-114 25°55] 3: MeC'P qd) 
F. (1). #17212. 34. Prop 
#172171. big ! PD. DMP = FaCP — Ba‘Cav"CP, 

CTP = Fa6COP — BafCOP — [¥#172°162°17] 


#17218, big! P.diqlIP.s. qh FOP — [¥l7217] 
¥172°181, F:.Multax. D:AweCP. Git P.s. qi le 


Dem. 
+, *88°361 .#172:18.3b:: Hp. dug! P.d:qilP.s.OCPCA‘F. 
[#83-41-5] =.0P CQ (q10*Q). 
[33-241] =.AnreOP (1) 
bi «17218. DergtIP.d.q1P (2) 
F.(1).(2). DF. Prop 


#172182. bs: Multax. Ds AcO'P.v.P=A:s.0PsA 
[*172°181 . Transp] 


#17219, biG 1 IP. D.8OUP= FE CP [#17217 . 48042] 


Note that we cannot proceed to E‘II‘P, because F3II‘P is meaningless, 
owing to the fact that the field of II‘P consists of non-homogeneous relations. 


#172191. +. sCTISP € FE OP 


Dem. 
b 17219. %23-42. Db: Gq! TP 3. CTP GFP OP (1) 
be e4l 21. DE: WPaA.d. CTP HA. 
[#25°12] 3. sO PE FE CP (2) 
F.(1).(2). DF. Prop 

#172192. +. (FPS) =8- uA 

Dem. 
+. 85101. DF: QeA( FER). =. (qx). aFQ.Qef. 
[*33°5] =.q!0Q.QeR. 
[*33-24] =.91Q.Qe8:5b. Prop 


The following propositicn is sometimes useful. (It is used in *173'22. 
#182°2 .#185°21.) 
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#1722, +. (P| Py=P J P 
Dem. 
b. #7211 ,#55°15.3 
be M{I(P YP) N.=: MNe FsuP:. 
(GQ): Qeuv'P . (MQ)Q(NQ): R=P.R+Q.92-MR= NR: 
[#13-195°191] =U, Ne Fat'P s. (MP) P(N'P) > 


[485'51.433°5] = 1. M,N e | P“CR. (MP) PNP): 

[#38131] =n. (qay).ayeOP.M=aclP.N=y)P.(MP)P(NP):. 
[#55°18] =i (qay).ayeC'P.M=a|P.N=y|P.aPy:. 

[#150°11} =i M(LPiP)N:. 

[%150°6] =. M(P J P)Ni: D+ .Prop 


The following propositions are concerned with the nature of the connection 
between II(P | Q) and Px Q. The connection is such as might be desired, 
except when P=Q, in which case, as shown above, II‘(P | P) is like P, and 
is therefore not like P x P. 

417221. :P+Q.3.PxQ=tQ lL PyI(Py Q 

Dem. 
b.#172°11 #5515. 3 
be M{M( PL OV .eu UM Ne Fi(iP vu 'Q):. 

(qk): Rev Pv iQ. (MIR) R(NMR)S(PLQR.S$¢R.33. M8 =NSt: 
[451-235] 2: M, Ne Fa P vi'Q) is 
(MP) P (MP) S(PLQ)P.S+P.35.MS=NSivi 
(M*Q) Q(N*Q) :8(P.} Q)Q.94Q.25. MS =N'S (1) 
b.(1).*55°13. 5b: Hp. D3. 
MUN(PYQ|N.=:M, Ne Fa(leP v c'Q): 
(MP) P (NP). v .(MQ)Q(N'Q). MP = NP: 
[#80991] = (qa, a’,y,y')2 2,2 «OP. y,y OQ. 
Ma2z|PoylQ.N=e | Puy lQ: 


ePx wvia=a'.yQy' (2) 
b.#*15072.3+:M=a] Puy) Q.9.M (Ql P)=ylc- 
[¥1501] 2.HQ) PyYM=yle (3) 


b.#1504. DES RHQ) PMP] QI S.5. 

(GM, N). M(N(P LQ) N.R=HQ1 PYM. S=HQLPYN (4) 

b.(2).(3).(4).D bs: Hp. Dd: 

RQ LP MP | QS.s:GMN,a,ay,y): 
waeOP.yyeCQ.Maal Puy) Q.N=2 | Puy |Q: 
Reyla.S=y lviePe .viacaa .yQy: 

(qa,a',y,y):a,076OP.yyeCQ.Rayla.Say fa’: 

aPa .v.c=ae .yQy': 


[¥13-19] 


[*166'111] =: R(P x Q)Si: 3+. Prop 
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#17222, $2 P+Q.3.1(Q) Pit Fa (UP uv 'Q)e(P x Q)amor II(P | Q) 
Dem. 
b.#80°9.4150°71.5+:.Hp.>: 
Me Fa(ulP v 'Q). >. MQ) P)=(MQ)L (MP) (1) 
+.(1).*1501.5:.Hp.3: 
M, Ne Fs('P vv Q).+(QL PY Mat QLPYN.D. 
(M‘Q) | (M'P) =(N'Q) | (WP). 
[#55'202] >. MP=NP.MQ=NQ. 
[80-91] >.M=N (2) 
b. (2). #151241. 4172-21-17, +. Prop 


#17223. +: P+Q.9.0¢P | Q)smor Px Q [172-22] 


The following propositions are lemmas for *172'32. 


41723. bE! P.ZncOP. 3: MIM(P ZN. 
(qS, T,u,v).(ul S\IEP x Z)) 7). M=SoulZ.N=TfovlZ 
Dem. 
b .#80°66°44.416114.3+:.Hp.d:Me Fs C(P Z).=. 
(qS,u).Se FOP ueCZ.M=SuulZ (1) 
b.#55°13 #3814 .4473. Db MaSoulZ.3. 
@MQ.=:08Q.QeAS.v.c=u.Qa=Z (2) 
b.(2).*8014. 56s: Hp. Hp(2).S¢Fe'C'P .weO'Z. 91. 
MQ .=:28Q.QeCP.v.c=u.Q=Z 
[¥2437] Ds. QeC*P.D:0MQ.=.08Q:.Q=Z.3:0MQ.=.a=>us 
[#30°341..#803.430°3] >. Q@eO*P.D. MQ=8Q:Q=Z.2.MQ=u (8) 
b.(1) «#17211 #16114, #17217 . > 
bin Hp.duM{I(PZ)}N.s:. 
(a8, T, 4,0) 8, Le FiOP.uveOZ. Ma=SuulZ.N=TovlZ:. 
(qQ): Qe OP VU. (MQ) Q(N'Q): R(P oZ)Q. RQ. 2p MR = NR: 
[#51-239.(3).161-11] 
=1(qS,7,u,2)2.8, Te FOP .uveCZ. M=SuulZ.N=Tvvl Z:. 
(GQ): Qe OP .(8°Q) Q(1Q): RPQ. R4Q. Dn. SR=TRiv: 
uZo: Re CP .Dp.SR=TR:?. 


[#1 72:11-17.4#71-35.%8014] 
=1.(q8, T,u,v)2.8,TeCMUP.uveC'Z.M=SuulZ.N=TuvlZ: 
SUUP)T.v.S=T.uZo:. 
(#166-112]=:. (qS, 7, u,v): (ul 8)(IP x Z)@l TP). 
M=SvuulZ.N=Tuo| Zizi. 3+. Prop 
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H1T2B1L. bit. ZreOP. 
W= MR (qS,u). Se FCP ueCZ. Raul 8. M=SuulZ.>. 
We Il(P 4 Z) smor (ISP x Z) 


Dem. 
+.*1723.3+:Hp.>.0(P 4 Z)= W3 (IP x Z) (1) 
+. #21:33.5h:.Hp.3:MWR.M’WR.=. 
(gS, S', u,v’) .8, 8’ e FaOP .u,w eCZ.R=upSav )s’. 
M=SuulZ.M=S uu ]Z. 
[*55202] 3. (gS, 8,4, uw’). 8,8 e POP .u,w eCZ.S=S' usw’. 
M=SvulZ.M=S uw 1 Z. 
[#1322172] 9. 0 =M’ (2) 
b.#2133.3+:.Hp.3:MWR.MWR'.=. 
(qS, 8’, u, wv). 8,8’ e FOP .u,weCZ.R=ulS.R=uv fs’. 
M=SuulZ.M=S' uw |Z. 
[*80°45°661]).(qS,S',u,u).R=ulS. Rav] 8’. 
S=MiCP wl Z=MpUZ.S =MPCP.v lL Z=MT CP. 
[413172] D.(qS,S uw). ReulS.R=w {8'.S=8' ul Zauv ]Z. 
[x55-202] D.R=R’ (3) 
F.(2).(8). Db: Hp.d. Well (4) 
b. #16612 . 4113101 .417217.5+:Hp.>.d°W=CCII'P x Z) (5) 
+ .(1).(4). (5). #15111. +. Prop 


#17232. b:ZreC(P.>.U(P +4 Z)smor WP x Z 


Dem, 
b.#17231. Dh: Hp.qiP.3.0(PpZ)smorIPxZ (1) 
b. #17213 .#1612. DbinGiP.d.U(PpZy=A (2) 
b. #17213. «16613. DhivgiP.d.0'Px Z=A (3) 
+. (2). (3). #153101 Dba g iP. >. (PZ) smor IP x Z (4) 


F.(1).(4). 95. Prop 


#172321, bs Zwe CCP... II(Z + CP) smor Z x TP 
[Proof by similar stages to those in proof of #17232] 


The following proposition is a lemma for *172°34, which is required in 
proving *172'35 (as well as *176-4). 


#172338. berg! P.g!Q.C°PaCQ=A.)9:. 
M{M(PFQ) N52 (gS, 7,8', 7’): 8,8 ¢ FOP. 7,7 e FOR: 
SCP)S' .v.S=8'.T(1Q) 7: M=Sol. M =S oT’ 
Dem. 
+ .*8066.5+:.Hp.3: Me Fs(C'P v C'*). =. 
(gS, 7). Se FsCP.Te FsCQ.M=SuT (1) 
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+. #80661. 485-7.3F:.Hp. Se FCP. Pe ks CQ.M=SuT.d: 
ReCP.D.MR=SR:ReCQ.I.MR=TR (2) 
b.(1) +1 72°1117 .¥16014.>b::. Hp. i: M I(P4Q) Noe 
(qS, 7, 8, T’):. 8,8’ e FCP. T, Te FCO. M=SuT.N=S'uT's, 
(qR)? Re COP CQ (MR) R(N*R): BR (PAQ)R. RAR Dp. MR aN Rs. 
[(2).*«160-11]= +. (qS, 7,8, 2'):.8, 8 «FCP. 7,7 e Fs CQ. 
M=SuT,.N=SuT':, 
(qf): ReOP. (SR) R(S*R): BP PR.R +R.Dp. SR =HS*R iv: 
(GR): ReCQ.(T'R) R(TR): VQR.R+R.Dp. MR =T*R: 
ReCP.dp. SR =S'R:. 
{*10°35]=:.(q8, 7,8',7"):.8,9 efaCP.T, Te Fs CQ. M=SuT. NaS uf: 
(qR): ReC'P. (SR) R(S‘R): RPR. B+ R.Dp. SR =SR iv: 
RB eO'P Dp. SR =S'R’'! 
(GR): ReCQ. (PR) R(TR): RQOR.R+ER.Dp TRaTR 
[#17 2°11 .#71°35.%80°14] 
=n (gS, 7,8, 0):.8,%e FCP. 7,7 ce FsCQ.M=SuT, M=S ut: 
SIP) S .v. Sm 8’. TQ) 7 sz. D+. Prop 
#17234. big tP.giQ.CcPnOQ=A.). 
(8|0) e {TIP 4 Q)) sRHOR {ITP x 11°Q} 
Dem. 
b.#172°33 . #5515 #5313. D 
bi: Hp. 3:. M{I(P4Q)} N.=: (gS, 7.87", BR, RB): 
SS ehsSCP TT eFSCQ  R=TS. R= YS. MakCORN=HKCR: 
S(IP)S'.v.S= 8’. PQ) 7": 
[¥166°11.4172:17]= :(qR, R). RMP x Q) RM a=KOR.N=HOR: 
[150-4] =: M {8C3(UP x 11°Q)} N qd) 
F. #113-153 . #17219. *16612.9b: Hp.d.(s(C) PCCP x 1Q)el—1 (2) 
F. (1). (2).#151-981. 4. Prop 


#17235. big! P.g 1Q.C'PaCQ=A.D.1(P4£Q)smor IP x 1°Q 
[#17234] 


The above proposition is important, being a form of the associative law. 


The following propositions are extensions of *17223. It is obvious that 
they may be extended to any finite number of factors. 


#17236. 2X 4+V.X42.V4Z.9.10((X | Y)tZ}smorX x ¥xZ 


Dem. 
b.#17232.3+:Hp.o. MX | Y)Z}smorll(X | ¥)xZ (1) 
F .¥172-28 .#16623.3+:Hp.>.1(X | Y)xZsmor Xx ¥xZ (2) 


b.(1)-(2). DF. Prop 
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4172361, Fs: X+V.X+Z.V4Z.9.09X 4 (¥ | Z)} smorX x VxZ 
[Proof as in *172°36} 


417287. bi X4V.X4Z.X4W.V4Z.V4W.Z4W.2. 


NX | YY4(Z) W)} smor X x Vx ZxW 
Dem. 


- #17235 .D 
:Hp.3- (xX | PAZ) W)} smor IEC X | Y)x WZ LW) Q) 
«#17223 .#166°23 . > 
:Hp.d.0¢(X | Y)x (2) W)smor(X x VY) x (Zx W) (2) 
- (1). (2). #166°42 . +. Prop 

The following propositions are concerned with the construction of a corre- 
lator of TIP with II‘Q when we are given a double correlator of P with Q. 
If the double correlator is 7 or T[C*X*Q, the correlator of I1‘P with II‘Q is 

(2) Cav“ TH} fF OTQ. 
#1724. +: Te Psmorsmor Q. 5. {7 Cav'7t} PCTUQelol 
Dem. 

F.#16415.> 
F:Hp.d.7POCsQ, THT CQelal. CBVQg=adT.cQgcaTt qd) 
b.*4143. Db.sDMOMWQ=DEcmg. 
[#172191] Db. sD“CINQ CDF CQ) 
[*37-401.%162°23] cosa (2) 
bo wdddd. Db. sO Q=0sOUTQ. 
[#172191] DE. sA“O1rg C AFT CQ) 
[35°64] coe (3) 
F.(1). (2). (8). #74773 Q z : eee. oa a .DE. Prop 
#172401. +: Ze Psmor smor Q. Ne FyfO"Q .SeOQ.D. 
{(Z || Cnv'T+) NTS = TNS 


rrTtTTrTt 


Dem. 
b #43112. 41501. 54. ((2|| Cav Zt) NTS = (2 |N|Cnv'Tt)THS (1) 
bk. (1). 85-748 . *80°14. 3 
b:Hp.>. {(7 i] Cnv‘ Pt) N} D8 = (7 | | Cav (T+ pf CQ) (THE CQ)S 
[84:4] 7 2°601.4164-13] =(T|NYS 
[*34°41] = INS: D+. Prop 
#172402. +: Te Psmorsmor Q. N,N’ e FaSCQ Se OQ. Ma(T||Cav' Tt). 
M =(T\\Cnv'Tt) NW’. R= T3823: 
NS=N"S.=.MR= MR: (NS) S(NS). =. (MR) R(M*R) 
Dem. 
+. #172401.3+:Hp.d.MR= TNS. M ‘R= TNS qd) 
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#16222 .440°13.+:Hp.>.0SCC*SQ. 


[¥164-1] D.ascaT (2) 
+ .80°31.4335. Dh: Hp.d: N69, NSCS: 

{(2)] a: NS, N'SeAT: 

[¥71°56] D:NG=N'S.=.TNS=TN'S, 

(] =.MR=M"R (8) 
F.(1). DF: Hp. 3: (MR) R(M«R). = . (TANS) (138) (TENS) « 

[#15041] = .(N‘8)(B.T58) (NS). 
[#151-252.(2)] = .(N*«S) S(N"'S) (4) 


+. (8). (4). DF. Prop 


4172403. | : T'e Pamor smor Q. >. (7'|| Cav‘ Tt)“ FaQ C FOP 
Dem. 


+ .*80'14. #35°48 .D 
ti Hp.3: Ne FaCQ.D.7|N|Cnv'Tt = 7| N| Cnv'( Tt ft CQ). 


[#80°14..%1 64°13] >.(2|N| Cnv‘Tt) 1 > Cls g qd) 
+ .48732.3b:.Hp.d:Ne FOE. 3. A(2| NV | Cav‘ Tt) = THON OT 
(37-271 4164°1.%80-33.%162-23] =THN 
[#80714] = THO 
[*164°1.%1 50°22] =P (2) 


b. 48014. Db: Hp. 3: Ve FaO'Q. a(T|N|Cnv'Tt) B.D. 
(ay, S)-2Ty .yFS.R=TS .8eCQ. 


[33'51.437-1] >.(qS)-ceT*CS.R=TS.Se0Q. 
[#150-22.%164-1] D.ceOR: 

[*33-51] 3: Ne FSO°“Q].D.T|NjCnv'T¢ EF (3) 
b. (1). (2). (3). #8014. > 

bi Hp.3: Me Fa'CQ. 2. (2) N| Cnv'Tt) ¢ FaSOP (4) 


F. (4). #43112... Prop 


#172404. | :. Pe Patior smot QD: Ne FyC'Q. M=T|N|Cnv'Tt.=. 
Me FCP .N=T|M|Cnv‘Tt 


Dem. 
b.1641 . 4162-23 . #8033. 3+: Hp.d: Ne FSCQ.9.DNCIT. 
[¥71-191.%50-63] 2.2\T|N=N: 
[#8428] 3: Ne FsCQ.M=T|N|CnvT+.3.7|M=N|Cnv‘Tt. 
[#3427] >. 7|M|Cav'Tt+=N|Cnv‘Tt|Cnv'Z+ (1) 
F. #8014. DE: Me FakCQ.SeAN.3.8e0Q. 
[40°13] D.C Ce OKOQ (2) 


F.(2).#1641.3F:.Hp.3: Ne FsOQ-.-SeAV. 3.08 CAT (3) 
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b.(1).*1501.5h:. Hp. Ne Fs'OQ.M=T|N\Cnv'7}. 3: 
y(2|M|Cnv‘T+) ¥.=.(qS,R).yNS.R=TS.Y=BR. 


[(3)m151-25] =. (gS, R).yNS.R=TS.Y=S. 
[#13-19°195] =.yNS (4) 
b. (4).#172-403.+:. Hp. d:WVeFsC'Q.M=2|N|Cnv'Tt.>. 

Me FsCP.N=T| M|Cnv'Tt (5) 
bgp M6421 Dh Hp.d:MeFCP.N=T|M|Cav'Tt.>. 


Ne FCQ.M=T\|N\Cnv‘Tt (6) 
F.(5).(6). +. Prop 


#17241. Te Pawior sor Q. >. FOP =(T]| Cav TH“ FCQ 
Dem. 
b.4172404. 443112. bs. Hp.d: Me FOP. >. 
T|M | Cav'Tt  FOQ. M=(L|| Cav T4)(P| M | CavF4). 
[4876] >. Me (Tl Cav TH FOQ (1) 
F.(1).#172-403. 5+. Prop 


The following proposition is important, since it gives the required 
correlator of II‘P with II. 


4172-42. +: Te Psmorsmor Q. 3. (7|| Cnv‘7t)f CMQ « (IP) smor (11*Q) 
Dem. , 

b. #1641. #15022. 3b:.Hp.3:CP=THCQ: 

[#37°6.%150°1] D:ReC'P.=.(qS8).8eCQ.R=TS (1) 

b.41641.5+:.Hp.3:R/PR.=.(qS’, Y). R= DS’. R=TIY.S8'QY (2) 

b.¥151'31.41641.5b:: Hp.3:.8, YeC'Q. R=DS.R=THY.3.8S=Y:. (8) 


[#1313] 3:.S8eC°Q.R=T8.3:VeCQ. Ra=TDY.=.8=Y (4) 
F. (2). (4) «#8317. 
bi Hp.SeCQ.R=TS.3:RPR.=.(q8', VY). RP =TS' .S=Y.SQY. 


woul 


[¥13°195] .(qS’). R’ = 158’. $'Q8 (5) 
F.*1504.417211.5b::. Hp. D2: M (7 || Cov'T+)1Q} M’. ss. 
(N, N’) . M= (P| CavT4)N . M’ = (T'\i Cav’ THN". N,N’ 6 PaO'Q se 
(GS): Se0"Q. (NS) S(N'‘S) : QS. 8’ +8. Dy. NS’ = NS’ s. 
[4172-41402] = :. MM’ ¢ PaSO'P :. (gS, BR): SeOQ R= DS.( MR) RMR): 
S’QS. R= TS.8+8.99,4- MR HMR: 
[#10-28.(8).(5)]=:.. MM’ e FOP 1.(qS,R): Se0"Q. R= TiS. (MR) (MR): 
R+R.RPR.Op. MR =M'R:. 
(C1). 7211] <5. M(ISP) MW’ (6) 
b.(6).*48°302 #1724. 4151-22. +. Prop 
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The following proposition is a lemma for ¥172°43. 
#172421. b: S=TPOS‘Q. Se Pamor amor Q.>. 
5 (S || Cav‘St)f Fat0Q = (T | Cav’ 7) f Fuso 
em. 


+. 80°33. #16418 . #16223. 2b: Hp. Ne FsCQ.>.DN COS, 
[*35°481] 2.T|\N=S|N (1) 
+. #8014.5:.Hp.NVeFsO°”Q. Ved N.3: Ve OQ: 
[*15033.4162-22]: X=TIV.=.X=SiY¥. 
[41501] 3: ¥ (Cn Tt) X. =. ¥(Cav'st) X (2) 
F.(2).#83'14.5+:.Hp. Ne Fa'CQ.3: 

(a¥).yNY.Y(Cav‘Tt) X.=.(qY).yNY.V(Cnv‘St) X: 
[e841] Ds W|Cav+ = N|Cnv‘St (3) 
F.(1).(3). Db: Hp. 3: Me FsOQ. 3. 7|N| Cnvi Tt = 8|N|Cnv‘st: 
[43-112.%35°71] D + (2'|| Cnv‘T4) pf Fa'C'Q = (S|| Cnv'St)f Fa'OQ:. Dk. Prop 
4172-48. +: 7[ C'S ‘Qe PsmorsmorQ.>. 

(Ti Cav‘T't) f CTLQ e (IP) smno¥ (1Q) 
[17242421] 

#17244. +: PsmorsmorQ.>. ISP smor 0‘Q [#17242] 


#17245, + :. Multax.3:P, Qe Rel? excl. q!Psmor Qn Ri‘smor.D. 
II‘P smor I1‘Q 
[x164'44 . 4172-44] 

The following proposition shows that if two relations have the same field, 
and if the parts of them that are contained in diversity are the same, they 
have the same product. Thus eg. II‘P,, = I‘P,, in virtue of *#91:541. 
#1725. b:C’P=CQ.PAT=QAJ.9.0'P=1Q 

Dem. 

+ .*5011.5+:.Hp.3:RPS.R+8.=.RQS.R+S8 (1) 
F.(1).#17211.3+. Prop 
The following proposition is used in *182°42. 
17251, +. TISP=TI(PwlPCSP) [*172:5] 
#17252, b:.QeU°P.39.(qR).RPQ.R+Q:3.0P=U(P AJ) 
Dem. 


F.«5011. Dt: Hp.d.a°PCa(PAd) qd) 
> 
+. 33°14. #93101. Transp. 3: QPQ.3.Qre BP: 
=> 

(Transp.*33-13] Db: Qe BP.3.(qR).QPR.R+Q. 
[450-11] D.QeO(PaJ) (2) 
F.(1)«(2) 2498-103. Db: Hp.>.0°PCO(PAJ). 
[433-265] D.0P=0(PAT) (3) 


F.(83). #1725. 34. Prop 


Thus we shall always have II‘P= IP AJ) unless there are members of 
‘P which have no referent except themselves. 


#173. THE PRODUCT OF THE RELATIONS 
OF A FIELD (continued) 


Summary of #173. 

In this number, we shall consider the relation between the domains of 
relations related by II‘P, i.e. we shall consider DsII‘P. This relation bears 
to II‘P a relation analogous to that which Prod‘« bears to ea‘«. We shall 
denote it by “Prod‘P.” When Pe Rel? exel, Prod‘P is like II‘P, and is often 
more convenient than II‘P. When Pe Rel* excl, Prod‘P arranges the multi- 
plicative class of C““C*P by first differences, taking first differences to mean 
that the earliest member Q of C‘P for which paC'Q+vnCQ has the 
p-member earlier than the v-member in the Q-series. 

The properties of Prod‘P all result immediately from those of H‘P, and 
offer no difficulty of any kind. The most important of them are: 


417314. biq!tP.ChC’Pel—+1.5.C Prod‘ P= Prod‘C“C'P 


Ie. if P is not null, and no two members of C‘P have the same field, 
then the field of Prod‘P is the product of the fields of C‘P. Observe that 
Ct C'Pe1—>1 if Pe Rel? excl. 


#173'16. +:PeRePexcl. >. 

Prod‘P smor II‘P . Df CII <P ¢ (Prod‘P) smot (II‘P) 
#1732. +. Prod‘A=A 
#17322. +. Prod(P | P)=uP 
¥173-23. +: P+Q.3.Prod(P | Q)=C(P x Q) 
#1733. F: TP OS‘Qe PsmorsmorQ.>. 

Te. f C‘Prod‘Q ¢ (Prod‘P) smor (Prod‘Q) 

#17331. +: Psmor smorQ. >. Prod‘P smor Prod‘Q 


#17801. Prod‘P=DiIIKP Df 

#1731. +. Prod‘P=DiIIKP  [(#175-01)] 

#17311 2 (Prod‘P)v.=.(qM,N).M (IP) N. p= DM .v= DN 
[178-1 . 15051] 

#17312. +. O'Prod‘PCD“FsCP  [#172-12. #150-202] 

#173121. +. CProd‘P = DCU [x71 . 150-22] 

#17313. big! P.D.C'Prod‘P =D “FOP [#17217 . x173121] 
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¥17314. big! P.ChO'P el 31.5. CProd‘P = Prod‘O“C'P 
Dem. 
b #8512 .433'5. Db: Hp. >. D*Fa‘C*P = Des OCO'P . 
[4173°'13-4115-1] >. C*Prod‘P = Prod‘C“O‘P 1 9 F. Prop 
¥173-15. b: DP FaO'Pel 1.5. Df CMP e(Prod‘P) smor (IP) 
[#1 73-1 . "172-12 . 151-231] 


#173161, |: DP FafC*Pe1— 1.5. Prod‘PsmorlI‘P [*173:15] 


¥173-16. +: PeRelexcl.D. 
ee Prod‘P smor II‘P . Df C‘II‘P ¢ (Prod‘P) sior (11‘P) 
m. 


F.*16312.5+:Hp.d.F> CP eClsl. 
[81-21] >. DP FP el (1) 
b. (1) .#17315115 .> F. Prop 


*173-161. +: PeRePexcl. qi P.3.C*Prod‘P = Prod‘C“C*P 
[173-14 . 416314] 


#17317. b:q! Prod‘P. 3.8 Prod‘P =C°P 


Dem. 
+, «17313.9b:Hp.>.sOProd‘P = sD" FCP 
[41-43.480°42] =DFPOP 
[#37°401.416223] =O°S'P: Db. Prop 
*173-2. +. Prod‘A=A [*172°18 . #15042] 


#17321. iq! Prod‘P.s. gq! TP [#1731 #15024. ¥3312] 
#17322. +. Prod(P | P)=5P 


Dem. 
F.¥1722.356. Prod(P | P)=Di) PP 
[*150°4] =f (qe, y)- Py. p=D(ael P).v=D(y | P)} 
[#5516] = 2d \(qa.y) Py. p=Ua.v = Uy} 
[*150°4] =UP.3+. Prop 
#17323. +:P4Q.5.Prod(P | Q)=CXP x Q) 
Dem. 
b."172-21, Dk: Hp.d.C(Px Q=O+rQL PNP) (dd) 


F.480'14. #15023. +: Me FaC(Q | P).d.CM(Q | P)=DM: 
[x5515e1501] Dh: Me FKC(P | Q).D.04(Q] P)M=DM: 
[#17212] Db: MeCTI(P | Q).>.0%(Q) P¥M=DM: 
[150-35] Dh. CHG | PIP | Q)=DINP | Q) (2) 
b. (1). (2). #1731. +. Prop 


#173'25. 


Dem, 


#17326. 


Dem. 


173-27. 


Dem. 
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b:OSPaCGQ=A.d. Cf O(P x Q)e {Prod(P | Q)} smor (P x Q). 
Prod(P | Q)smor P x Q 


b. #16612. DE.CPOWP x Q=CN(CP x OQ) (1) 
F.(1). «113148. +: Hp.d.CPO(Px Qelo1 (2) 
b.(2).#173-23.>+. Prop 


bk: PeRePexcl. ZveCP.C4ZnOSP=A.D. 
Prod(P +» Z)smor (Prod‘P x Z). Prod“(Z «+ P)smor (Z x Prod‘P) 


+. #163°451.5+:Hp.>.P + ZeRel’ excl. 

[*173°16] >. Prod‘(P 4+ Z) smor IP 4 4). 
[*172°32] >. Prod‘(P 49 Z)smor II‘P x Z. 
[#173°16.*166'23] >. Prod(P + Z)smor Prod‘P x Z (1) 
Similarly F:Hp.>. Prod(Z<+ P)smor Zx Prod‘P (2) 
F.(1).(2). +. Prop 


F: P,QeRelexel .q!P.qiQ.C¢PaCQ=A.O°PaCBQ=A.d. 
Prod(P4Q) smor Prod‘P x Prod‘ 


+. *163°441 417316. Db: Hp. >. Prod(P4Q) smor I(P4Q). 
[*172°35] >. Prod(P4.Q) smor Ii‘P x IQ. 
[#173-16.*166-23] D . Prod“(P£.Q) smor Prod‘P x Prod‘Q:3+. Prop 


bF:OPanCQ=A.COCPACR=A.CQNCR=A.). 
Prod {(P | Q)+> RB} smor Px Qx K 


F.#1738:25.>b:Hp.R+P.R+Q.3. 


Prod‘{(P | Q) +9 R} smor {Prod(P]Q)} x R. 


[#173°24] >. Prod‘{((P 1 Q)p Ri smorPxQxR (1) 
b.*33-241.5+:Hp.R=P.3.R=A.P=A, 

[#1 72°14.#166-13] DMP LQ pR=A.PxQxR=A. 
[#1 75-1.¥150-42] >. Prod‘{(P | Q) RJ=A.PxQxR=A. 
[#153101] >. Prod‘{(P | Q) +9 BR} smor (P x Qx R) (2) 
Similarly b:Hp.R=Q.). Prod‘{(P | Q) +> Ri smor(P x Qx R) (3) 


F.(1).(2).(3). +. Prop 


The following proposition gives a correlator of Prod‘P and Prod‘Q when 
we are given a double correlator of P and Q. 
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#1733. +: Tf O°S‘Qe PsmorsmorQ.>. 
Tef C’Prod‘Q ¢ (Prod‘P) smor (Prod‘Q) 


Dem. 
bk. #17311. #17243 ,5 
b:. Hp.D:y(Prod‘P) w’.= . (qv, N’). N (IQ) N’. = D(T| N|Cnv‘TH). 
pw =D(T|N’|Cnv‘Tt). 
[¥37:32°321] =. (GN, .N’). N (IQ) No p= TDN. p= THD’. 
[17311] =. (qv, 0). v (Prod‘Q) v' = Tv. p= TO’. 


[437101] =. p(Z5Prod‘Q) p’ (1) 
b. #17317. DF. 8C*Prod‘Q CO*S‘Q (2) 
f¥l1112] Db.(TPOSQ)ef C*Prod‘Q = T.f C*Prod‘Q (3) 
b. (2).(3).#72451.3h:Hp.>. 7.f CProdQel—1 (4) 


b. (1) .(4) #151231. F. Prop 

#17331. t:Psmorsmor Q.).Prod‘P smor Prod‘Q [*173:3] 

#17332. FF: RE CEQelo1. CSQCAR.D. Prod‘RQ = RSProd‘Q 
Dem. 

b.#16418. 2b: Hp. >. RE CSQ e(RHQ) smor smor Q. 

[x173:3] >. Ref CProd‘Q « (Prod‘R45Q) sOF (Prod*Q) . 

[*151:22] >. Prod‘R+7Q = RProd‘Q: D+. Prop 

4173.33, : DP O'SQel 91.2. Prod DHQ=D3Prod'Q [i732 2] 


The above proposition is used in proving the associative law for “ Prod” 
(#174401). 
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#174, THE ASSOCIATIVE LAW OF RELATIONAL 
MULTIPLICATION 
Summary of #174. 


In the present number, we have to prove the associative law for II and 
for Prod, 7.e. we have to prove (with a suitable hypothesis) 


WEI P smor I*3*P 
and Prod‘Prod}P smor Prod‘3*P. 
The first of these requires P ¢ Rel? excl and either PG J or 
QPQ 39+ C8Qe0ul; 


the second requires not only this, but also ‘Pe Rel*excl. When both P 
and %‘P are relations of mutually exclusive relations, we call P an arith- 
metical relation, which we denote by “Rel’arithm.” Arithmetical relations 
serve exactly analogous purposes to those served by arithmetical classes in 
cardinal arithmetic. 


The proof of the associative law for If consists in showing that, under 
a suitable hypothesis, §|D (with its converse domain limited) is a correlator 
of {1‘3‘P and [ITIP (*«174-221-23). To prove this, we first prove 


#17417, +: Pe Relexcl. >. DOU IPP = OTM'S'P 
and 
#17419. +: PeRelexcl.>.(s|D) POMP el 1 


This gives what we may call the cardinal part of the proof, 7c. it shows that 
(§|D)P C*II‘TP is a cardinal correlator of the fields of II‘S‘P and II‘II}P. 
We then prove that if M and N belong to the field of II‘IIsP, they have the 
relation [I‘II}P when the relational sums of their domains have the relation 
Il‘3‘P. Here, in addition to the hypothesis Pe Rel? excl, we require that if 
any relation @ has the relation P to itself, then C‘Q is not to have more than 
one term. Thus we have 


#174215. b:. Pe Rel?excl: QPQ.3g.0'QeOulid: 
MUP) N.=.M, Ne PaTISCP . (8D) (ILS!P) (DAN) 


The hypothesis QPQ.39.C*Qe0u 1 is verified if P € J (#174216); thus 
for most purposes it is more convenient to substitute the simpler hypothesis 
PGS for QPQ.39.C'Qe0ul. We shall, however, have occasion to use 
the hypothesis QPQ.39.C‘Qe0ul in *182°4243-431, where our P is a 
relation whose field consists entirely of relations of the form QJ Q, whose 
fields are always unit classes, so that our P satisfies the above hypothesis even 
if P is not contained in J. 
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The proof of #174215 (above) is effected by first proving 
41742, b: PeRelexcl. QeC’P. MeCWIDP. 3. MQ =(6D‘M) pO“Q 
From #174°17'19°215 we deduce 
4174221, Fi. Pe Relexcl : QPQ. D9. C*QeOul:d. 
TSP = SDI IGP. (8|D) P CMT P e (I1‘2‘P) smor (IIT P) 
whence we obtain the more convenient proposition 
#17423, +: PeReltexcl. PGJ.3. 
ISP = HDI IDP. (8|D) P CIID P ¢ (INS*P) smor (IIT P) 
Thus if the hypothesis of #174221 or of *17423 holds, the associative law 
holds forglI (#17 4241-25). 
To prove the associative law for Prod, te. 
Pe ReBarithm. PG J. >. Prod‘=*P smor Prod‘Prod3 P, 
we observe that, since TSS‘P=SDTIIGP (*174-23) 
= $Prod‘II>P, by the definition of Prod, 
we have (*174'41) Prod‘S‘P = Dis Prod I1}P 
= 9D.Prod‘IbP, by #41°33, 
= 8 Prod‘DtIDP, by *173'33, 
= 8}Prod‘Prod}P, by the definition of Prod. 
Also s[C‘Prod‘Prod}Pe1l—>1, by *115°46. Hence the associative law 
follows (*174-43). It will be observed that in this case the correlator is 
simply s with its converse domain limited (#17442). 


As in the case of Il, “PGJ” is a stronger hypothesis than we really 
need: what we need is QPQ.3g.CQeQu L. 


#17401,. Rel arithm = P (P, =‘Pe Rel’excl) Df 


#17412. b:C>C'Pel—1.3.1 Pe Rel exel 
Dem. 

F. #150202 .3 
F:MNeOCIUP.GiCMnCN.D.M,NelI“CP.giOMnCn. 
[#876] 3.(qQ,R2).Q, ReCP. MQ. N=WR.g!tCUncw. 
[#17212] D.(qQ, R).QReOP.M=Q.N=WR. gq! FaiCQn FaiCR. 
[ «80°82. Transp] > .(qQ, R).Q,ReC(P. M=I'Q. N=IKR.CQ=CR (1) 
F.(1). #7159. Db:.Hp.3: 

MNeCUP.qiCMnCN .3.(qQ,R).Q=R. NU=IQ. N=. 
[413-195-172] >.M=N (2) 
b.(2).#16311.3+. Prop 
#17413, +: PeRelexcl.>.0>PeRelexcl {#17412 . #163°14] 

28—2 
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#17416. F:q!P.d.OUMMP= FCP 


Dem. 
b.#15025.D+:Hp.d.q!IbP. 
{#172-17] 2. CUI P = Fy‘CUWsP 
[#150-22] = FsT“O'P DF. Prop 


#174161. bit P. Pe Relexcl.>. 
O*Prod‘I} P = D“C‘T1 Ts P = Prod‘ Fa‘C“C'P 


Dem. 
b. #173121. DF. OfProd‘ IPP = D“CMALP 6) 
F. #173161. D+:Hp.d.C*Prod‘Ils3P = Prod‘O“ CIP 
[#15022] = Prod‘CO“T“CP (2) 
F.#*l7217. DerAncC'P.D. OMTIMOP = POOP (8) 
b.417214.#173-21.5b:AeOP.D.C'Prod TGP =A (4) 
+. 4802648311. Db: AeO*P.D. Prod‘Pa“C“O'P=A (5) 


F.(2).(3). Dk: Hp. AneO'P. 3. C*Prod‘IisP = Prod‘Fa“O“C'P (6) 

F.(4).(5). DF: Hp. AeOP. 3. CProdIiiP = Prod‘ FaO“O'P (7) 

k.(1).(6).(7). DF. Prop 

#174162. Fic! P. Pe Rel? excl. Dd. sD VOU IGP = CMS P = Fa‘ P 
Dem. 

be &174161 . #1151. 5b: Hp. d.8DCTLIDP = sD eg Fa COP 

[*85-27.*163:16] = Fg's'C°O'P 

[¥162°22] = FsSClP (1) 

F.(1).*17217, D+: Hp. qid‘P.3.8“DOWIbP =OTs'P (2) 

b. #16245 . DE:Hp.S*P={A.9.P=AJA. 


[¥172°13.*150°71] D>.P=AJA. 

[¥172-14] >. 0bP=A. 

(*33-241] D.sD“CMIGP=A (3) 
b.#172°13 . #83241. Db: 3°P=A.D.C1NS‘PHA (4) 
b.(3).(4). D+: Hp. 3'P=A.3.8DOONM MP = CTMS'P (5) 


b.(1).(2).(5). 3h. Prop 
#17417, +: Pe Relexcl. 3. DCM IDP = Cll ‘3‘P 
Dem. 
b.#150-42.417213.9b:P=A.3.8D“CMTMP=A (1) 
b.#162-4.417213. DF: PHA.D.CUSPHA (2) 
. (1). (2).¥174162. D+. Prop 
#17418. +: Pe Rel’excl. >. DP CUM Pel 1 


Dem. 
417412 .#163:1412.3+:Hp.>.FPOCMPeCls—1. 
[81-21] D.DP FCP el—al. 


[x1 72°12] >. DP CMMPe1—+1:3+. Prop 
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#17419. +: PeRel?excl.3.(§|/D) POMP e171 
Dem. 
b. #1631 .435°14. bi. Hp. 3: 
Q ReCP.QER. Don FP CQAFTCR=A. 
[#172191] Dor SCOTQASCTIR=A (1) 
FI“O¢P 
b. (1). #835 . 485°31 pp 3 
t:.Hp.d:MNe Ph 1OP. DM H=SDN.D.MH=N: 
[4172°'12.%15022] 3: MNe CUIDP . DIM =sDIN.D.M=Ni.D+. Prop 
#174191. +t: Pe Rel?excl. >. $f C'Prod‘IliP el 1 


Dem. 
b.417419. 3+: Hp. do: MN e CMM. &DSM=SDIN.O.M aN, 
[*80°37] 2. D‘M=DN: 
{*37°63] Din, veD“OTUIDP. &p=s8o. dD. pHi 
(#173°121] D:p,veC Prod IGP. &p=sv.d.u=v:.3t. Prop 
#1742, +: PeRelexcl. QeC'P. MeCMIDP. 2. MIlSQ =(SD‘M) CQ 
Dem. 
b. #17212 .*15022.>b: Hp. >. Me Fs TI“C*P. qd) 
[*80°31.433°5] >. MT CIMQ. 
[#17212] D>. MQ FaiCQ. 
[#8014] >. O'M IQ =CQ (2) 
£.(1)-#80°3..#41°13. Db: Hp. >. MIT'Q 6 sD‘M (3) 
#17417. Dr: Hp.d.#DMe CMP. 
[¥172°12.%80'14] >.sD‘Me1—>Cls (4) 
F, (3). (4). 47292. Db: Hp.d. MIQ =(sDM) ft Gag 
{(2)] =($DIM) CQ: I+. Prop 


#17421. bi: Pe Reltexcl.QeC'P.M,NeCUUP.3:. 
= MOQ =NNQ. =: ReOQ. Dy. (SD'M)R = («DNR 
er. 
+ .#71-35 .480°14. #17212. b::Hp. ds. 
MAVQ = NAQ. 3: ReCQ. Dn. (MQ) R= (NAQYR: 
[#1742] 1 ReOQ. 2g. (DMP CQ! R = (DN) P CQHR: 
[435-7] : ReO'Q.d_.(§D‘M)'R = (#D‘N)'R tz Db. Prop 
#174211. brs. Pe Rel?excl.D:: M(IMIDP) N.=:. 
M, Ne Fa‘ Tl“C!P :. (qQ, 8): Qe OP . 8 CQ. {(M«T1*Q)‘S} S {(WIIQ)‘S} = 
TOS. THS8 dp. (MNQ)T =(NNQYT: 
RPQ.R+Q.TeCR. Dns ( MIR) = (NIRS 
Dem. 
+ #17211 #15022. 3bi: MII P) NV. =: 
M, Ne Fs'TI“O*P :. (QQ): Qe CYP . (MAT‘Q) (TEQ) (N*IT*Q) 
RPQ.UWSR+NQ.32-MMR=NIR (1) 


i 
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b. 480381. Ds. Me Py T“O'P. 2: QeO'P.D9. MUQeONQ. (2) 
[33-24] Do THI. (3) 
[x1 72°19] Do SOM Q=FPOCQ (4 


b.(3).(4). Dk: Me PsMOP.Q,ReCP.MQ=0'R.D. 
FPCQH=FPCR. Gi 'Q. qk. 
[172141192] >.0Q=O'R (5) 
b.(5). #16314. 5b:: Hp. i. Me FsTI“C'P.Q, ReOP.D: 
IMQ=IKR.>.Q=R: 
[3037. Transp] D:1Q4I'R.=.Q4R (6) 
b .. #7135 . (2). #17212 .%8014.3 
bi: M, Ne FI“O'P. ReCP. 3: 
MIVR=NUR.=:TeCR. D7. (MIUR)ST=(NIRYT (7) 
b.#17212. 5 2: (AfTT‘Q) (IQ) (NT'Q). =. MQ, WIQ ¢ FaiOQ 
(qS) 2 Se CQ. ((MTTQ)S} S ((WTT4Q)S} 
TQS. T+S. Ip. (MIVQ)T = (NINO) T (8) 
f.(1).(2).(6).(7).(8). DF. Prop 
4174-212. bir. Pe Relexcl. 32: MUIIDP) N.=t 
M,N ¢ PsT“O'P z. (qQ, 8): QeOP. SeC"Q. (8D M)‘S} S {(SD‘N)‘S} : 
TOS. T+S . D7. (DIM) T =(SDNYT: 
RPQ.R+Q. TER. 32 7. (SDM) T= (SDN) 
[1742-211 435-7] 
#174213. bs. RPQ.SeCQ.TeC'R.StT. Dons re RQ: PeRelexcl: 3: 
RPQ.SeCQ.TeCR.R+Q.=.RPQ.SeCQ. TOR. StL 


Dem. 
F.#1631.3+:.Hp.3:RPQ.R+Q.9¢0?Q. TeCOR.D.S4T7 (ty 
F.e¥ll1. Dt: Hp.d:RPQ.SeCQ.TeCR.StT.D. RFQ (2) 


F.(1).(2). DF. Prop 
4174214 bi: Pe Rel?excl: QPQ.Dg.0'QeOul:D:. 
(aQ):QeC'P: TQOS.T+S8.v.(qR).RPQ.R+Q.SeCQ.TeCR: =. 
T(UP)S.T+S 
em. 


+.#5241.Db: Hp.3:5,7TeCQ.S47.3.~(QPQ): 
[*13-12.Transp] D:RPQ.SeCQ.TeECR.S+T.3.Q4R (1) 
b. (1) .#174213.2 
b::Hp.3:. RPQ.SeC'Q.TeCR.R+Q.=.RPQ.SeCQ.TeCR.S+T:. 
[4437.911341] Ds. 
(aQ)-QeO'P. TQS. 7T+S.v.(qQ,R).RPQ.SeO'Q. TeCOR. R4AQi =: 
(aQ)-QeC'P. TQS. T+S.v.(qQ,R). RPQ.SeCQ. TeCR.THS: 
[*162:13] =:T(2P)8S.74+8 (2) 
b.(2).483-17. 34+. Prop 
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#174215. | :. Pe Reltexcl: QPQ.39.CQeOulid: 
MUP) N.=s.M, Ne Fa‘I“O'P . (DM) (IS S*P) (8D*N) 
lem. 
F.*174212-214.5b::.Hp. ds: M(WSIDP) N.S 
M, Ne Fa TI“C*P :. (GQ, 8): Qe CP. Se OQ. ((SD‘M)‘8} 8 (SDN) 8} : 
T(X‘P)S.T+S . Dp. (SDIM)T =(SD‘IN)'T (1) 
F.¥172°13 . «15242. 3h: M(UIGP) NLD. gt P. 
[¥172:162] >. sD, DIN FSONP (2) 
F ..#162:22. D4 :(qQ).QeOP. SeO*Q.=.SeC*XIiP (8) 
F.(1). (2). (8). #17211. F. Prop 
#174216. b:. PES.3:QPQ.D9.CQe0ul 
Dem. 
f.#50°24.9b:.Hp.3:(Q).~(QPQ): 
[#1053] 3: QPQ.d9-C'Qe0uls. I. Prop 
#17422. +: PeRel’excl. PEJ.9: 
MUP) N=. MN ¢ PATISO*P . (8DSM) (SSP) (8D) 
[¥174-215-216] 
#174221, b:. Pe RePexcl: QPQ.3g.CQeOul: dD. 
Is‘P=sDsITIGP. (é|D)f OID P e (I1*S*P) smor (IIT P) 


Dem. 


b . #174215 .#150°41.> 

brHp.T=(s|D)POUWIMP. >. WIP = ISP aD) 
b.#1THI9. DF: Hp(1).2.Telo1 (2) 
b.x1 74°17. DE: Hp(1).3.D‘T=OU'seP (3) 
b.(1). (2). (3).#150-11. Db: Hp(1). >. Je (IES P) amor (IT'S P). 
[#151131] >. Pe (TSP) amor (ITP) = (4) 


b . (4) 151-22. D+. Prop 
#17423. +: PeRel’excl. PEJ.3.1'S*P= sD IP. 

(8|D)P CII P e (I1‘2*P) smor (USIP) [#174°221-216] 
#174231. bs. Pe Rel?excl: QPQ-3g.CQeOul:d. 

$f O*Prod‘IIiP e (ISP) amor (Prod‘IIiP) 


Dem. 
b. 4174-221 .4173-1. 9+: Hp. >. W'SP = #ProdIiP qd) 
b.(1). #174191 . 151-231 .3+. Prop 
#17424. +: PeRelexel. PEJ.3. 
$f O'Prod‘TI5P ¢ (I1‘S‘P) amor (Prod‘IsP) [*174-231-216] 
#174241. F:. Pe Relexcl: QPQ.39.C*QeOuls3. 
I1*S‘P smor WIP . 'S‘P smor Prod(l3P  [%174221-231]} 
#17425, +:PeRelexcl. PGJ.3. 
TSP smor ITP. 'S!P smor ProdI5P [*17423-24] 


440 RELATION- ARITHMETIC [part Iv 


This proposition gives the associative law for II. It remains to prove the 
associative law for Prod. 

The following propositions are concerned with various properties of 
“arithmetical” relations, down to #174'4, where the proof of the associative 
law for Prod begins. 

#1743. +: PeRelarithm.=. P, 3‘P ¢ Rel? excl [(#174°01)] 
#17431. 1: Pe Relarithm.=:0Q,Q' eC*P.Q4Q'.Iog-CQnCQ=A: 
RReCUP.RER Dew -ORaCR =A [#1743 . #1631] 
#174311. | :. Pe Rearithm.=: Q,Q' «OP. qi CQ nC’ .Deq-Q=Q: 
RR’ eOSP Gg !OROCR py R=R [¥1743. 4163-11] 


#17432, £:PeRel'arithm.=. FP CP, FE CP eCls1 
[#1743 . #16312] 
#174321. |: Pe Relarithm. 3.CTCSP,CTCS‘Pel1 — [¥1743.. 163-14] 


#174322. |: Pe Rel*arithm.@, Q eC'P. gq 10"0'O n C*O"Y'.D.Q=Q 


Dem. 
+,4876.3F:Hp.>.(qk, R).ReOQ.R eC. CR=C'R'. 
(*174:321] D.(qkh, BR). ReCQ.ReCY.R=F. 
[#13195] D.q!CQne"?y. 
[#174311] 3.Q=Q':3+. Prop 
*174:33, +: PeRelarithm.>.C™C“C'P ¢ Cls*arithm 
Dem. 
+. #174322.3 


be. Hp.3:Q,Q eC"P .q 10"C'E n OHO. Dog OKOQ =OMOE!: 
[87°63] Dry, 8eO“OMC'P glyn8.D,5-7=8: 


[#8411] 2: CO C“C*P « Cls? excl (1) 
F. #1743 . ¥163-16 . 4162-22. +: Hp. >. Cs‘C“C"P  Cls? exel . 
[40°38] D. sO“ OMC*P « Cle? exel (2) 


b.(1).(2).#115-2. 4. Prop 


#17434, +: PeRel?arithm.=. 

COOP ¢ Cis arithm . Ch CP, CP C'X'P el 

Dem. 
F .*174321:33.) 
F: Pe Relarithm .3.0O“O'P ¢ Cls*arithm .Ct CP, CT C‘‘Pel—l (1) 
F.&115-2.Db: OC“O8P ¢ Cls'arithm. Ch C'S‘Pel—a1.>. 
s' COCO «Cis excl. Ch C2‘Pell. 

[40°38.%162°22] >. CMC P e Cls'excl. CPCS Pell. 
[16317] >. 3!Pe Rel exel (2) 
F.#8762.3+:0,0 eC(P. ReOQandd.d.CReCKCQD nO“Cy (8) 
b.(8). #1152. *8411 5 
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bs OM OCC*P ¢ Cls*arithm . Q,Q’ eO*P. gq !OQnCg.>. 
ceo"*™) = ceo”™’ (4) 

b .(4) #72481 .¥87-421 > 
bs O¢OMC*P e Cls*arithm.ChCutPel 1. 

QU eO'P.GqiCQn0Y .>.0°Q=CQ' (5) 
+. (5). #7159. 
bi. OM CMOP ¢ ls’ arithm. CPOSP el +1.CPC'Pel 1.9: 

QQ’ OP. q!C'Qn CQ .2o9-Q=Q: 


{*163:11] 2: Pe Rel excl (6) 
b.(2).(6).#174°3.3 
bk: OOC'P eClsarithm. Ch C'S'Pela1.CfC'Pel 1.5. 

Pe Rel arithm (7) 


F.(1).(7).35. Prop 
#17435. +: PeReltarithm.Q,Q'eC*P.Q+Q'. 2.0 QOnOSVQYV=HA 


Dem. 
+. #1743.%1631. Db: Hp.d:ReCQ. ReCY dae RR (1) 
b. #16222. Dh: Hp.d:ReCQ. RB eC'Y Ie eR, RB eCSP (2) 
+. (1). (2). #17431. 3h: Hp. 3: ReCQ. RB eC Dep. CRaCR =A: 
[#4027] DisCHKCOO|n SCOCYW=HA! 
[*162°22)} 2: C°UQa CY =A: D+. Prop 
#17436. +: PeRelarithm.>.2P e Rel’ excl 

Dem. 


+ 


. 17435 . 487-63 «#15022. D 
bi. Hp.2: BR, ReCSP.R4R.D.CRACR =A (Q) 


b.(1). #1631. D+. Prop 
#174361. |: Pe Rel*arithm.3.C‘PC Rel*exel 
Dem. 
b.#1621. 3b: QeC'P.3.QESP (1) 
b.#1743.3+:Hp. >. =P e Rel? excl (2) 


b. (1). (2). #16343. Db. Prop 


#174362. +: Pe Relarithm. Q, Q eC*P.C“O'Q = C“O'™ 9. Q=QV 
Dem. 


b.#174322. 0 Dh: Hp. gq! O"OQ.9.Q=Y (1) 
b.#87-45. DEIOKCQaA.D.C™MHA. 

[¥33°241] >.Q=A (2) 
bh. (2).#19:172. DF: Hp. C“CQ=A.3.Q=Q' (3) 


+.(1).(8). 34. Prop 
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4174363. +: Pe Rel®arithm .>. Prod}P ¢ Rel? exel 


Dem. 
f.#173°161 . *174361 . #1732. Transp . > 
t:.Hp.3:9,Q' «CP. q!C*Prod‘Q n C’Prod‘Q’. 3. 
a! Prod‘O*0*Q n ProdsC“C""! . 


[¥115-23."17433] 2. OO = CO". 
[#174362] >.Q=Q. 
[#3037] >. Prod‘Q = Prod‘Q’ Q) 


F.(1).*163-11 .#15022.34. Prop 
#1744. &:PeRelexcl,PGJ.3. 
Prod‘*3«P = Dis} Prod‘Ii3 P = s} De} Prod‘T15P 


Dem. 
b.x1731. Db. Prod‘S‘P = D5I‘3‘P (1) 
b.(1). #17424. Db: Pe Reltexcl. PEJ.D. Prod‘3‘P = DisiProd‘IP 
[#41°43] =8DsProd‘IiP: 2+. Prop 


#174401. +: Pe Rel? arithm . >. Prod‘Prod}P = D,}Prod‘I1iP 


Dem. 
b. #8033. *162-23.3b: Re Fs'C'Q. >. DSRCCSQ (1) 
F.(1). DF: Re FSCO. R eFC .qiDRaD‘R.5. 
qicssgncsg (2) 
+ .(2).#17435.Db:.Hp.D: 
QQ «OP. Re FsCQ. Re Fs'C'Q .D‘R=D‘R' . gt D‘R.D. 
Q=Q'. 
[{#81°21.174°361.4163-12] D.R=R (3) 
F .(3) 438-241. > 
bi Hp.3:9,Q «OP. Re FSOQ. Re FsC'Q .DR=DR.D.R=R: 
[#172°12.*150°22] 3: Df sSC“ILC(Peloal: 
[*162:22] I:DICLIPPel1: 
[*173°33] 2: D.}Prod‘M3P = Prod‘D43113P 
[*173-1] = Prod‘Prod}P :. 3+. Prop 
#17441. +: Pe Rel arithm.PGJ.5. Prod‘s‘P = siProd‘ProdjP 
[#1744401] 
#17442, :PeRel’arithm.PGJ.>. 
sf (C*Prod‘Prod3P) e (Prod‘S‘P) smor (Prod‘Prod}P) 
Dem. + .*173°161:2.¥174363.D 
bk: Hp.>.C*Prod‘Prod} P C Prod‘O“C*Prod3 P 
[#15022] C Prod‘C“ Prod“*C*P 
[(*173°'161.*174361] C Prod‘Prod “Cs“C“C'P (1) 
b. (1). #17433 2#115°46 D+: Hp.>.sfC*Prod‘Prod)Pel—>1 (2) 
b.(2). 17441 #151231. +. Prop 
#17443, +: PeReParithm.PGJ.>. Prod‘S‘P smor Prod‘Prodi}P 
[417442] 
This is the associative law for Prod. 
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#17444. +: Pe Rel*arithm. >. Prod‘ProdjP =D. DIN TP 
[#174401 . 173-1] 

#17445. +: PeRel’arithm.>. 
. (De|D) } CUP ¢ (Prod'Prods P) smox (IIT P) 

em. 
+. x17418.2+:Hp.>.DPOMIMP el 1 () 
b . *80°33 . #16223 .3 
bi Re Ps0'Q. Be FsC'Q gq !D‘RaDR.D.qGlOSQnOSQ 2) 
b. (2). #17435. > 
br. Hp.3:Q,Q’eC'P. Re Fs'O'Q. Re PO"?! .qQ !D‘R.D'R=D‘R’.D. 

Q=Q'- 
[#81-21 4174361416312] >.R=R (3) 
F.(3).#33-241 .D 
Fi.Hp.3:0,QeCP. Re FsO°Q. Re FsCQ.DR=D‘R.D.R=R: 
[#17212] 9:0,Q' CP. ReOTM'Q. RB eC. DR=D‘R'.D. R=’ (4) 
b .#173°161 . 37-6. *173-2 . Transp . > 
Fi: Hp. p,veC*Prod‘IDP . Dp = Diy. 33. 
Rep. d:(qQ): QeOP. ReCl'Q: 
(qQ, BR). Qe OP. BR eCll'Q’. Rev. DR=DR: 

[(4)]  Di(qR). Rev. R=R': 


[#13195] 3: Rev (5) 
Similarly b:.Hp(5).9:Rev.d.Rep (6) 
F.(5). (6). bs. Hp. Dd: p,veC'Prod IGP .D =D. d.psvt 

[#71°55] 3:D.f CProd‘IbP el +1: 

[#150°22.%173'1] 2:DePDCCIIbP el+1 (7) 
b.(1). (7). 485-481.5+: Hp. >.(De|D) PCMMP el 1 (8) 
+. (8).#17444. 94+. Prop 


#17446. +: PeRelarithm. >. Prod‘ProdijP smor NV TijP [*174°45] 
#174461. +: Pe Rel’arithm. PE J.>. Prod‘Prod}P smor II*2‘P 
[4174-4625] 
#174462. +: Pe Rel’ arithm . 3 . [I‘Prod} P smor Prod‘Prod?P 
[#174363 . #173-16] 
The two following propositions merely sum up previous results, 


#17447, b:PeRel’arithm.PGJ.5. 
Prod‘3‘P = s3Prod‘Prod3P = DIDI TGP = DigsProd‘IP . 
st C'Prod‘ProdsP, s|De| DP CIALP, D| sP C*Prod TP el +1 
[e174°42-45°24 . 441-43] 
#17448. +:PeRelarithm.PCJ.5. 
Nr‘Prod‘Prod} P = Nr‘Prod‘S‘P = Nr‘Il‘S‘P = Ne II‘T3P. 
= Nr‘Prod‘T3P = Nr*I]‘Prod}P. 
[4174°43°46'25-462 . *152°321] 


#176, EXPONENTIATION 
Summary of #176. 


The definition of exponentiation is framed on the analogy of the definition 
in cardinals, ie. we put 


Pexp Q = Prod‘P t 3Q DE 


We put also, what is often a more convenient form, 
Pl23(PexpQ) Df. 

The relation P@ has for its field (unless Q=A) the class of Cantor's 
“Belegungen,” ie. the class (C‘P T C*Q).°C"Q, It arranges these by a form 
of the principle of first differences, namely as follows: Suppose M and WN 
are two members of (C*P f C“Q)a‘C“Q, and suppose there is in O‘Q a term y 
for which the M-representative (M‘y) precedes the N-representative (‘y), 
te. for which (M‘y) P (N‘y), and suppose further that all terms in C‘Q which 
are earlier than y, ze. for which zQy.2+y, have their M-representative and 
their N-representative identical; in this case we say that M has to ¥ the 
relation P®, This may be stated as follows, provided we assume that P and Q 
are series: Let M and N be two one-valued functions whose possible arguments 
are all the members of CQ, while their values are some or all of the members 
of C‘P. Then we say that M has to N the relation P® if the first argument 
for which the two functions do not have the same value gives an earlier value 
to M than to VN. Thus for example let P be the a a a 
series @, Gy, ds, @,, Us, and let Q be the series . «6 © © eo-»p 
by, By, bs, b,. Then M and ¥ are to be such that 
Mb or N‘b is defined when, and only when, bis * * *% *@ 

b, or by or b, or by, and the value of M‘b or NB ig & b& by be 
@, OF a; Or a, Or a, or a. Then if M*},=a, and N%b,+a,, M precedes N; if 
Mb, = N%,=a, and M‘b,=a,.N‘b,+a, M precedes VN; and so on. Thus 
in this case the first term of the series generated by P? is the one for which 
M‘b=a, when b has any of the values b,, b,, bs, 5, Thus the first term of 
the series is ta, f O*Q, te. BSP TC. The next term will be 

ta, T (0D, v bby U Udy) w Uae F ED, 


ie. UBP tDQu2p | BQ. 
The next is “UBPTD Qu 3p) BQ, 


and so on. This makes it evident that our series has the structure required 
of a series which is to represent the Qth power of P. 


The two relations Pexp Q and P? are ordinally similar, since $ is one-one 
when its field is limited to C“(PexpQ). This follows from *116-131, together 
with 

wiQ.2.0(P exp Q) =(C“P) exp (C*Q). 
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If § is a correlator of P and P’, and TF is a correlator of Q and Q, then 


(S|| De and (S||7), with their converse domains limited, are respectively 
correlators of (P exp Q) with (P’ exp Q’) and of P@ with P’®. This shows that 
the relation-number of (P exp Q) depends only upon those of P and Q, which 
is of course essential if (P exp Q) is to afford a definition of exponentiation, 

If the multiplicative axiom is assumed, then if R is a relation which is 
like Q, and whose field consists of relations which are like P, and Re Rel? excl, 
the product of R is like (PexpQ). That is, if we put #~=Nr‘P.»=Nr‘Q, 
so that R consists of v terms each of which has mw terms, the product of R has 
p’ terms. This gives the connection of multiplication with exponentiation. 

There are two formal laws of exponentiation which hold for relation- 
numbers, namely 

P® x PE gmor Pete 
and (P®)* smor P®*@, 
They both need a hypothesis: the first needs 
AQ. qik.CQnCR=A, 

while the second needs RES 
because it is proved by means of the associative law (#17443). 

The first of the above formal laws can be generalized, by putting 248 in 
place of Q4.R, and taking the product of the various powers 

PexpQ, PexpQ...., 
where Q, Q’,... ¢C*S, and the products are taken in the order determined by 
S. The resulting generalization is 
Se Rel? excl. S GJ.3. {Prod“(P exp)iS} smor {P exp (24S)}. 

The proof of this proposition results immediately from #17443 and 
#162°35. 

The proof of the second of the formal laws is more difficult. We observe, 
to begin with, that 

P exp(& x Q) = Prod‘P t 32°Q LR. 

Assuming suitable hypotheses, this, by *#162°35, 


= Prod SP | HQ 158, 
which is like Prod‘Prod3(P $ 1Q t 5R, by #17443. 
But (P exp Q) exp R = Prod‘{Prod‘P t 3Q} 32. 


Thus our result will follow if we can prove 
{Prod3(P 4 PQ 478} smor smor {(Prod‘P t 5Q) | RI. 
Now one member of the field of Prod3(P 4 HQ 4 5R will be 
Prod‘P J 5Q | 2, where ze C*R. 
ats 
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This is like Prod‘P | 5Q, because Q | zsmor Q. Hence Prodi(P } )>Q $ iR 
% A % = 
is a series of terms each of which is like Prod‘P | 5Q, and the whole series of 
% 


such terms is like R. If we assumed the multiplicative axiom, this would 
suffice to prove the result. But it is possible to obtain our result without 
assuming the multiplicative axiom. 


For this purpose, we proceed as follows. The correlator of 
Prod‘P $ QLe and Prod‘P | 3Q 

is {|(Cnv‘ | z)}e, by #165-361 and *172°3. Call this M‘z. Then 

Mel—lizeC'R.3D,.(M*‘z) e(Prod‘P £32 $4) smor (Prod‘P £30) : 

2weCR. Gg! D'M2n D'Mw.2,y-2=U. 
This, by the help of two or three lemmas, suffices to prove that 
{Prod3(P 4 Pq 4 3R} smor smor {(Prod‘P t 3Q) L Rh, 

whence the result follows. 


The principal propositions of the present number are the following: 
#1761, |. PexpQ=Prod'P | 3Q = DIII'P 1 3Q 
#17611. +. P°=9(P exp Q)= 8 Prod‘P 4 3Q=H8DiIUP $ 39 

These propositions merely embody the definitions. 
#17614. b:91Q.5.C(PexpQ)=(C'P)exp(CQ). C.P8=(CP fF C'Q)a'C*Q 
#176151, F:. P=A.v.Q=A:s.PexspQ=A.=.P!=A 


It will be observed that in relation-arithmetic, “°=0, whereas in cardinal 
arithmetic 4°=1. The difference is due to the fact that there is no ordinal 
number 1 (cf. #153). 


#176181. +. P& smor (P exp Q) 
#176182. | .(P exp Q) smor (II‘P b 50) 
#17619. bi: S(PQ)T.=18, Te (OPT OQ) CQ:. 
(ay) sy € O*Q. (Sty) P(T'y) sy Qy -y Fy Dy Sy = Ty 
#1762. +: US ORePsmork. Wh CSeQsmors.>. 
(U}} W)cf CR exp 8) «(P exp Q) amor (RB exp 8) 
#17621. With the same hypothesis, (U|| W)[ O*(R°) correlates P? and RS 
#17622. +: PsmorR.QsmorS.3.(P exp Q) smor (R exp S). P® smor RS 
#17624. +:.Multax.>: 
Re Rel excl n Nr‘Q. O'R CNr'P. 3. TR smor (P exp Q) 
This proposition connects multiplication and exponentiation. 


#17631. b:q1Q.>.5(Pexp Q)= (BP) exp (0°Q) 
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#176311:32:321. Similar propositions for B°Cav'(P exp Q), BP), B(Cny* pe) 
#17634. iq !Q. E!IBeP.D. 
BP exp Q)= (BP) | “OQ. BYP?) =(“B‘P)} 01g 
We come next to the formal laws. We have 
#17642, big tQ.qIR.CQnC'R=A.>. P® x P¥ smor Pete, 
(P exp Q) x (P exp 2)smor P exp(Q4.R) 
*176-44. +:SeRel?excl. S@J. 5. {Prod(P exp)sS} smor {P exp (=‘S)} 
This is an extension of *176°42. 
*17657. F:RGJ.5.{(P exp Q) exp R} smor {Pexp(R x Q)}. 


(P%? smor PRxe 
*17601. PexpQ=Prod‘P1iQ Df 
=e 
#17602. P°=4(P exp Q) Df 
#1761, +.PexpQ= Prod‘P | 3Q= DIP 130 [(#176-01)] 


#17611. +, P?=3i(PexpQ)=HProd'P 13Q=HDIP 13Q  [(417602)] 
#17612. bi: (PexpQ)v.s:.y,ve(C*P) exp(CQ):. 
(ay, 0')ia Lyep.a Lyev.aPa:2Qy.zty.whzep.dy2.whzev 


Dem. 
F. 4165-21-12 .*163-:12. +. FE P 4 “OQeCls 1. () 
{*85°1] #1 15°1.#33°5] DF. D“FsSP s “COQ = Prod‘C"P 4 «oq 
[#165°12-14.(#116-01)] = (C“P) exp (C*Q) (2) 


f. «1761. #17311. #17211. *165°12.5 
tin. (PexpQ)v.eu(qMN,y):. MNe PP Log : 

yeO'Q. (MUP (Phy) (WP |»): 

#Qy -2py-22-MP Le= WP fatp= DM .v= Di: 
[H8115.(1) 61506] = 22 (QL, Ny) 6M, Ve Fat P LC'Q.p=DM =D: 


y OQ. tun LyOP)( LysP)iwn | yOP)+ 
2Qy.zty.2, up alyC'P) =i(y nlyCP)yn 
[(2).#150°55] = #1 (qy) 2 a, ve (C“P) exp (CQ). ye CE :. (qa, 2’) 
ely= u(y aby CP).a by =U» aly OP).aPx': 
Qy eey.wbz=U(un L2O'P). 
w bz =i AL EkCOP) 2a WHEW 
[411611] = :: (@y) #1 yw, v e (C“P) exp (CQ): 
(qa,a)ralyep.e byev.aPa: 
2Qy-zty.w)cepeDor WY zevir. Db. Prop 
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The above proposition is used in *17619. It has the merit of giving 
a direct formula for PexpQ, instead of one which proceeds by way of 
mPy 5Q. 
#17613. Fiqi(PexpQ).2.q!Pe.s.q A UITP 15Q [#15025 . #176111} 
#176181. §:Q=A.>.PexpQ=A.PQ=A  [#165-241 . 173-2. #15042] 
Owing to this proposition, propositions stating analogies between ordinal 
and cardinal powers mostly require the hypothesis q!Q or its equivalent, 
because an ordinal power whose index is zero is itself zero, whereas a cardinal 
power whose index is zero is 1. 
#176132. b: P=A.q!Q.D.PexpQ=A.PQ=A 
[#165°244 . #17214 . #17613 . #15042] 
#176133. 5. O° Pe = 8O(P exp Q) [#17611 . 4150-22] 
#17614. bry !Q.>.0(P exp Q) = (CP) exp(O"Q). O° P?=(O'P F 0*Q)s°C'Q 
Dem. 
F. #165243. 9>:Hp.d.q!P 1 iQ. 
ba 
[4173°161.*165°21]  3.C*Prod‘P 4 3Q = Prod'O“C'P 1 5Q. 
* y 
(#176°1.4165°14] >.C(P exp Q) = Prod*(O*P) | “(0*Q) 
” 


[(#11601)] = (C*P) exp (CQ) (1) 
b.(1).#176183. +: Hp. >. 0#P?= s{(C"P) exp (C"Q)} 
[#11613] =(CP F 0°Q)s0'E (2) 


F.(1). (2). 4. Prop 
#17615. big! P.g!Q.=.q!(PexpQ).s.q! Pe 


Dem. 
b.#1761811382.  Dkrql(PexpQ).d.q!P.q1Q a5) 
b, #11618. 417614. 36: GI P.G!Q.>.q!10(PexpQ). 
[#3324] >.a!(P exp Q) (2) 


F.(1).(2).#17613.94. Prop 
#176151. ts} P=A.v.Q=A:s -PexpQ=A.2.P@=A_ [*17615] 
#17616. | .0(P exp Q) C (CP) exp (0*Q). C*P°C oe t CQ)a°C'Q 
[17614151] 
#17618. +. s> C(P exp Q) e (P*%) smor (P exp Q) 
Dem. 
«#116131 .*176-14.5 
H!Q.>. sf O(P exp Q) e(C*P%) a OP exp Q) qd) 
. (1). #17611, 151-191. 
rH 'Q.3.8h CP exp Q) e(P%) amor (P exp Q) (2) 
«#176151 . #15042 . #721. D 
:Q=A.>.8. OCP exp Q) e(P% amor (P exp Q) (3) 
.(2).(3). DF. Prop 


ho ae eee 
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#176181. + . P® smor (Pexp Q) [176-18] 
176-182. | .(Pexp Q)smor(II‘P | 3Q) [#1761 .*173°16 . #165-21] 
” 


#17619. Fi: S(P% T.2:.8, Pe(CPt OOOO: 
ih. (ay) tye O1Q. (Sy) P (Ty) ty Qy of Hy Dy My’ = Tey’ 
+. #1761112. 
be: S(P%) 7.33. (quiv):. u,v e (COP) exp (CQ). Sa sp. T= sos 
(aya, 2 )iyeOQ.alyepea Lyev.xPa': 
YQy¥ FY WILY ew Dyw WL evr. 
[56-4] =. (qu.v)t pv e(O*P) exp (OF) S=su.T=sor. 
(ay, 2,2’): ye OQ. aSy.a'Ty .aPa'ry'Qy-y ty wSy' «Dy, WTy! + 
[#116-13.%80:3] = 2.9, Te(O“P F O'Q)sCQ:. (ay) 2 y €O°Q « (Sy) P(T*y) 
y Qy of Fy Dy Sy = TY! Db. Prop 
The above proposition is often usefnl, since it gives a direct formula for 


P% not one which passes by way of P exp Q or II‘P $30 


#1762. -F:UPCRePsmor Rk. WP CSeQsmors.d. 


(U|| Wet OR exp 8)¢ (P exp Q) Sii0t (B exp 8) 
Dem. 


b. #165362. Db: Hp.>.(U|| W)h OR [3S e(P 15Q) stor sTHOF (RL $8), 
[*1733] D.(U | W)ef C’Prod'R 43S (Prod‘P | 3Q) mor (Prod 58) (1) 
F. (1). #1761. >. Prop 


#17621. +: US O'Re Pano R. WP OSe QamorS.>. 
(TI WP CR) e (P%) smor (R) 


Dem. 
F. #176218 #151401 .Db: Hp. >.s(U|| Wet C(Rexp 8) e (P% st0r( RS) 
[¥150-961] >.(U|| W)p sO"(Rexp 8) «(P% amor (RS) (1) 


+. (1). #17611 . #15022. D+. Prop 

*17622, +: Psmor R.QsmorS.2.(P exp Q)smor(RexpS). P@smor RS 
[1762-21] 

#17623. +: Remorsmor P | 3Q.>. IR smor(P exp Q) 


Dem. 
#17244. >t: Hp. >. MR smor IP 15Q (1) 


b. (1). #176°182.3+. Prop 


#17624. +:.Multax.3: 
Re Rel’ excl n Nr‘Q.C‘R CNr‘P. >. TR smor (P exp Q) 
[*165'38 . ¥176-23] 


R&W i 29 
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41763. +. Cnv(P%) =(Pye 

Dem. 
+, «17619. 
ber T(P/PS.=2.8, Te (OP FCO) sO: 

(ay): ye CQ. (T*y) P(S'y) ty Qy -y Fy Dy SY = TY i 
(x17619] =: S(P%) Ts: 3+. Prop 
=> > 

#17631. b:g!Q.>. BYP exp Q) =(B‘P) exp (CQ) 

Dem. 
#16521 . #16312. #71221.4931. 34. BOP [3QeC1 (1) 


a 
f 1651201 W867. Db. BOP 43Q=8 (qe). 2e0Q.a=B YL JP} 
> 


[#165:251.4151°5.4383] =(BP) 1 <0°g (2) 
F-17216 165248. DF 2g 1Q.D.BATP 13 Q= BCP 13Q. 
[#173-16.4165-21.#151-5] >. BYP exp Q) =D“ Bs OP fie 
[#85-1.(Dea L15+1] = Prod‘B“O"P 430 

((2)} = Prod“(B‘P) 40 
[(#11601)] ae (BP) exp (C“Q): DF. Prop 


= 
#176311. bi 1Q.D. BCuv(P expQ)= (BP) exp (C*Q) 
[Proof as in #17631] 
. > > 
#17632. b:y!Q.3. BY P%)=(BP F OQ) sOQ 
Dem. +. #1763118 . #1515 23 
> wo? 
+: Hp.d.B(P%= als P) exp (CQ) 
[411613] =(BP f 0'Q)0'Q: DE. Prop 
#176321. b:y1Q.>. BCnv'(P%) =(BPFOQ)OQ [#176323] 
417633. F:.9!Q.D:q!B(PexpQ).=.q! B(P%.=.q! BP: 
uy y 
q! BCov(P expQ).=-q 1 B‘Cnv(P2) -=.9 1BP 
[*176-31:311:32:'321 . *116-18-15] 
#17634. big !Q.E!BeP.D. 
BYP exp Q) =(BP) | “CQ. B(P% = (BP) TOQ 
Dem. +.#17631.+:Hp.>. BP exp Q) = (BP) exp (C“0) 
[(#116-01)] = Prod‘(uBP) | “0"@ 
[*38'3.453°31] = Prod‘t“( BP) | “OQ 
[#115143] =(BP))“CQ} (1) 
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F.#17632. 3b: Hp. >. B(P%) = (BP f 0'Oa'OQ 
[*116-12.451-4] =U{(BP) TOD} (2) 
+. (1). (2). DF. Prop 


#176341. (1 Q. EL BPD. 
BCnv(P exp Q)= (BYP) 1 “OQ . BCnv"(P*) = (BP) F OQ 
[Proof as in #176°34] 
#17635. -:PGQ.3.P®CQF 
Dem. 
b.#11612.5+:Hp.d.(C’PFCR)SC RC (CQOFC RS CR (1) 
F.(1). #17619. 3+. Prop 
The above proposition is used in the theory of finite ordinals (*261°64). 
The following propositions are concerned in proving (with a suitable 
hypothesis) 
P® x P®smor Pot® 
and its extension 
{Prod‘(P exp)? S} smor {P exp (258)}. 
#1764 Fry! Q.qG! RB. PSOQnPOCR=A.CQUCRCAHP.D. 
8|CP C(I PQ) x (IISP3R)} ¢ {II P3(Q4.R)} smor {(11‘Ps Q) x (I1‘P3R)} 
Dem. 
+. 172°34 .*150'2224.5+:Hp.d. 
SCT C{(II.P5Q) x (IISP3R)} e {11 P3Q4 P3R)} amor ((T1*P3Q) x (IISPIR)} (1) 
b.*16236.3+:Hp.>d.PQ*SPR=PH(QLR) (2) 
b.(1).(2). 5. Prop 
#17641. biG! Q.q!iR.P“CQn POC R=A.CQUCRCAP.). 
TI‘ P3(Q4.2) smor (‘P35 Q) x (PSR) [#176-4] 
#17642, bigi@.qik.CQnCO'R=A.D. Pex P¥smorP t, 
(P exp Q) x (Pexp R) smor Pexp(Q* 2) 


Dem. : 

+ #72411. 165-22. D 
big! P.OQnCR=A.>.PL“OQn Pl OR=A a) 
% : 

Py 


F.(1). #17641 > «38°12 . *83-431.3 


b:Hp.q!P.d. TEP [3(QFR) smor (IP | 3Q) x (IMP 1 3R). 
[*176°182.*166:23] 3. P exp (Q 4 R) smor(P exp Q) x (Pexp R). (2) 
[*176'181.%166'23] D>. P°+? smor P? x P? (3) 
f . #176151 . «166-13 .*153-:101.D 
tb: P=A.3>.Pexp(Q42)smor(P exp Q) x (Pexp R). 

Pe4® gmor P? x PF? (4) 
+ .(2),.(38). (4). 94+. Prop 

29-—2 
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#17643, +:SeRePexcl.SGJ.3. 
s| O*Prod“(P exp)3 Se {P exp (2‘8)} smor Prod(P exp) S 


Dem. 

+. ¥165°22 #1633. Dh:Hp-G!P.>.(PLyHSeReltexcl (1) 
F . 162'35 #3812. 433-431 .b.E(PL )HS= PLIES (2) 
b. #1521 . (2). Dh. EP | Se Rel excl (3) 
b.(1)+(8) 0 #743. Dh:Hp.q!P.>.(P|)hSeRelarithm (4) 
+. *165'223 . Transp . Dh: Hp.qiP.3:Q+R.3 PY 1Q+P { IR: 
[¥150°4.472°14] (PL ypseT (8) 
be #1761. Db. Prod‘(P exp)iS= Prod‘Prodi(P | 458 (6) 
b (4) - (5) « (6). #17442. 

F:Hp.q!P.3. 


sf O*Prod(P exp)'S ¢ {Prod‘2(P $ )+3 8} smor {Prod(P exp)}S} . 
[(2)] 3.sfC*Prod‘(P exp) Se {Prod‘P t 2S} smor {Prod(P exp) S} . 


[#1761] >. sf CP exp)} Se {P exp (2‘S)} smor {Prod‘(P exp)’ S} (7) 
b. #176151 . *173-21 41721314. 
Fb: P=A.).Prod(PexpyS=A. Pexp(2‘8S)=A (8) 


b. (7). (8). #173°2 . #16432. D+. Prop 


#17644. +:SeRel?excl. S€J.3.{Prod‘(P exp))S} smor {P exp (2‘S)} 
[*176°43] 
The following propositions are lemmas for 
REJ.D.(P*%*® smor P?*e, 


#1765. Fi. MP CRel 1. ORCAM. COC p AMOR. 
MORC1l 124,74 eOR. Gg! DMen DM? .D,7.2=2: 
T=Ak ((qu,z).ueCQ.zeCR.0= (Mau. X =u (M%)}: 


D.Telol 
Dem. 


+.#2133.5b:.Hp.d:0TX .eTX.D. 
(qu, u',2,2).u,u'eCQ.2,7 OR. a =(Mz)u.a =(Me)w'. 
X=ul (Mz). X=u' | (Me). 
[*55°202] 3. (qu,w’,z,2).-0=(M‘z)u.a' =(Mi2)u' uaa’. Mie = Me’. 
[¥13-22] D.a=al @) 
F. «2133.3: Hp.Dd:a¢7X.a7TX'.D. 
(qu, wz, 2').u,w eO'Q.2z,2¢OR.0=(Mez)u.c=(UNe/)v'. 
X=ul (M2). X’ =u | (Me). 
#33-43.Hp]>.(qu,u',2,2).uw «OQ. ceOR.2=2.0= (M2) u= (Me). 
X=ul (M2). X' =u | (Me). 
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[#13195] 3. (quw,z).u,u eOQ.zeCR. c= (M*z)u = (Mee), 
Xa=ub (M2). X= | (Me). 

[*7159.Hp]>.(qu,wv',z).usu.X sud (Me). X= | (M2). 


(#13195) D.X =X’ (2) 
F.(1)-(2).D#. Prop 
#176601. +: Hp *1765.5.0°T=C83'Q 4 iJGOR 
Dem. 
b.#7116.5+:,Hp.d:zeOR.ueOQ.>.E! (Maju. 
[+21:33] Diu) (Me) OT Q) 
F.%2133.5 
bi.Hp.3:X eG. 5. (qz,u).zeOR.ueCQ.X =u | (Mz) (2) 


+. (1).(2). Db: Hp. 3: Xe MAT.s. (qz,u).zeOR ueCQ. X=ul (Mz). 


[aTL-4] =.(qZ,u).Ze MOR. ue0Q.X=uhZ. 
[150-22] =.(qZ,u). ZeOMRiueOQ.X=ulZ. 
[*165:16.#113-101} =. XeCZ'QL SMR: D+. Prop 
#176502. t: Hp#l765.2eC'R.3.75Q t ‘M2 =tQOMz 

Dem. 


F.#150-4. #16501 . #1765. > 
-:Hp.>. THQ 4 Me = 29 ((qu,v).uQv.a=T* | (Mu. y=T* | (M%)*v} 


{Hp.*1765°501] = 29 {(qu, v). uQu.2=(Mz)u.y = (M2)v} 
[150-4] =(M2)3Q 
[*150°1] =1Q'i'z: D+. Prop 


#176503. +: Hp#l765.5. T e(+Q)M>.R) smor smor (Qy i MOR) 
Dem. 
+ .%176°502..41501:35.3+: Hp. >. THO PBR ={QIbR (1) 
b. (1). #176°5°501 #1641. DF. Prop 
#17651. Fi. MP CRel m1. MSCRCL 1. 

OR ¢ aM. o@} Cpa MOR : 
2,7eOR. qi DM DM. 2.7222: Dd. QMRsmor smor QL FR 
Dem. 

+ .¥165361.3+:Hp.>.Q JMR smorsmor Q | 32 ql) 
b. (1) «#176503 . #164221. +. Prop 
#17652. +:.2eO'R.D,. Mize (Pz) smor Q: 3. PR=+tQVMR 
Dem. 
F.x15111.3+:. Hp. d:zeC'R.3,. Pic=(MZQ 
[4150-1] =tOM () 
F. (1). #150°35 . +. Prop 
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417663. bi. MP C'Rela1:izeO'R.D,. Mz e(P'z) smor Q: 
2,2eCR.g!C'Pizn OP’ .9,7.2=2:3.PiRsmorsmorQ ik 
be 


Dem. 
bi #1421. Dk:.Hp. DizeC'R.D,. El Me: (dd) 
[33-43] D:CRCIM (2) 
F.#l5111.3+:.Hp. DizeO'R.9,. Mizell: 
[¥37-61.(1)] D:M*ORC1 1 (3) 
b.#15111181.5+:.Hp.dizeC'R.9,. Diz =C'P%: 
[Hp] D:2,2 OR. gq! DIMizn DIM 13, 7.2=7 (4) 
F.#151-11, Di. Hp. DizeOR.D.0M2=CQ: 
[*87°63] 3:ZeM*CR.D.0Z=C%N: 
[%40°15] 3:CQC pat MOR (5) 


F.(2).(8).(4).(5) #17651. +: Hp.d.4QMFRsmorsmorQ{3R (6) 
b. (6). #17652. . Prop 
#17654. F:.G1P.(!1Q.M=23 [2eO'R. Z={|(Cové | ef O(P expQ)].2: 
Mel—ltecO‘R.9,. M'ze(Prod‘P | 3Q | 2) smor (Prod‘P | 3Q) 
Dem. 
+. #116°006. ¥17614.+:Hp.>. Mell rab) 
b .#2133.4303. +: Hp.zeO'R.D. Miz ={|(Cnv! | Jef O(PexpQ) (2) 
b. #15165 .* 165361. *166°1 . #165°01.5 
F {\(Onv | 2} POQ x P)e(P | 3Q | 2) amor amr (P 15). 
[(2).*173:3] Db: Hp.zeC'R.D. 
M‘ze(Prod‘P t ; Q | 2)smor (Prod‘P 4 5Q) (3) 
+ .(1).(8). DF. Prop 
A1T6041. F.(P | HQ | 3Re Rel arithm .2(P [HQ LIR=P LIZ 5R 
Dem. 
f .w163'3 #1652122. D+:G1P.3.(PL HQ | 3Re Rel excl (1) 
F. #165242. 3+: PA. GIS. G18'.d.PLISHALA.P Lis =ALAz* 
[Transp] Dh P=A.PLIS+P 13S. I:S=A.v.S'=A: 


(*165:241} D:PLiS=A.v.P lism A: 
[¥83-241] DOP LISACP L3S'=A (2) 


b.*150221.3:.P=A.3: 
FT eO(P | PQ LIK. THI .D. 

(a4,2) 27.22 OR. T=(PLQLe.T=(PL Qe. 
[(2)] 2.0T ACT =A (3) 
F.(1).(8).#163:1.3+ “(PY )PQ LiF ¢ Rel? exel (4 
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#16285. 9+. (PJ HQ LiR=P LEQ LER, (5) 
[#16521] Dh.S(PL HQ L iReRelexcl (6) 


b (4). (5). (6). #1743. DF. Prop 
¥17655. big tP.G!Q.3. Prodi(P |) @ | iRsmor sinor (Prod‘P 13Q) L3R 
, % pr La 

Dem. , 
b .#176°183-15 . *87-44-21.5 
Fig 1C*Prod*P 13Q | zn G'Prod’P J 3Q )w.> . 

= iat 2 2 
gL OPhe a OPO. 7! Q Le . 
[#176-16.480°14.4165-212]>.(qR).TR=CQ)2.0R= Orgy weqtQ. 
% 3 


[¥13°171.«15022] 2. LeCQ=lwiC?Q.a!Q. 
[#55°232] J.z=w (1) 
Prod‘P 15Q | 2, Prod‘P 15Q 


F. (1). #17654. #17653 


Pi, Q - D+. Prop 


417656. biqiP.q!Q.REJ.>. 
Prod EP | )t}Q | +R smor Prod‘(Prod‘P 4 1D iR 
5 % x7 3 


Dem. 
#165298. 3b GIP. PLIQle=PL3Q1/.3:QLe=Qhe: 
[*165-22] DiqtQ.d.c=2 (1) 
+.(1). Transp. di. Hp.2Rz'.3.PLiQ Lee P LiQye’ (2) 
F.(2)-#1504. Dk: Hp-3.(PL)HOLIRET (3) 
b.(8). #176541 . #17443. 
fr Hp. >. Prod’S(P | HQ 1 3R smor Prod'Prod}(P | )15Q 32 (4) 
b.4176°55 #17331 .5 
t:Hp.> + Prod‘Prodi(P | )13Q | iRsmor Prod‘(Prod‘P 13 @) [3% (5) 
b.(4).(5). 9. Prop 


#17657. +: RGJ.D.{(PexpQ)expR}smor (P exp(R x Q)} . (P°)® smor P?*¢ 
Dem. 
b.xL76151. Di. P=A.v.Q=A:3.(PexpQexpR=A (1) 
b. #176151 .#16613. 3h: P=A.v.Q=A:>.Pexsp(RxQ=A (2) 
F.(1).(2).#153101. 34: P=A.v.Q=A:5. 
{(P exp Q) exp R} smor {Pexp(RxQ)} (3) 
b.¥176:56-5411 #1661 .Dh:qg!iP.qiQ.RGEJ.35. 
{(P exp Q) exp R} smor {Pexp(R x Q)} (4) 
F.(8).(4). Db: Hp.3. {((P exp Q) exp R} smor {P exp (R x Q)} (5) 
[#176-181:22] >. (P®%)* smor PPO (6) 
+. (5).(6). 3+. Prop 
This completes the proof of the second formal] Jaw of exponentiation. 


#177. PROPOSITIONS CONNECTING P,, WITH 
PRODUCTS AND POWERS 


Summary of *177. 
The principal proposition on this subject is 
#17713. biety.>3. Pysmor {(@]y)?} 
which is the analogue of *116°72, or rather leads to the analogue of *116°72 
as soon as powers of relation-nuinbers have been defined; for then it becomes 
Page 2,52, 
Another proposition is an extension of #171°69, namely 
#17722, K: Pe RePexcl. PG J.D. Prod‘dfiP smor (S‘P)ar 
where we put df‘Q = Qar. 
The remaining propositions of this number are lemmas for the above two. 


#17713 shows, for example, that all classes of finite integers can be 
arranged in a series of which the relation-number is 2,", where w is the 
relation-number of the series of finite integers. 2, is not the relation-number 
of the continuum, but is closely allied to it. 


#1771. Fiaty.T= aR [Re {(ufa v fy) Fajafa. pas] .. 
Te (Cl'a) smi {(u'w v uty) Fafafa  [4116°712°713°'718)} 
In the propositions of #116 referred to, A and V appear in place of « and 
y, but no property of A and V is used in the proof except A+ V. 
*ITTI1. |: Hp#l771.a=O'P.3. Tie ly =Pa 
Dem. 
F.#*17619.> 
bi. Hp. Disp {Tie Ly)? }v. =: (Gk, 8): B,8e {eeu cy) SC PiaOP: 
(qz):zeOP. Rez(a ly) Se: 
wPz.wtz. 5, i Bie Seis Hey yee Bess 
2. (GR, S): R, Se {(u'w vu ofy) TOP AOP s. 
(qe) ceO'P. Re =o.Seazynpahe. ya S'nt. 
wP2.w2.D,.:cRw.=.cSwiyRw.=.ySw. 
2. (QR, S): BR, Se (lav uty) FOP OP. 
(qa) 2eO'P. tep—v. p= Re.v=Sen 
wPz. wes. Dyi We p.=. Wey 
tew,veClC'P 2. (qz)i.2eCP.zep—vin 
wPz.wez.DdypiWepe=.wevi. 
i. (Pai) vit. DF. Prop 


[¥55'13] 


[71-36] 


fll 


[ALT] 


MW 


[xl 71-11] 
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#17712. b: Hpxl7711.3. Le Py, smor {((@ | y)?} [177-111 . #151191] 
#¥17713, Fraty.D.Pasmor {(e | y)"} [«177-12] 
#1772. dfQ=Qar Dft [*177] 
#1TT21, b:PeRelexcl. PEJ.3.s[O'Proddfi P e(2‘P),; smor (Prod ‘dfi P) 

The proof proceeds as the proof of #17424 proceeds. If QeC*P, we shall 
have, if Me Fy‘df“C'P, 

MQar = (sfD'M) n CQ. 
Hence we easily obtain 
M(NdfP)N.=.M, Ne FatdfO'P . (sD‘M) (2P)ay (8‘ DN), 
whence 
we (Prod‘dfiP)v. =. pve Prod‘Cl“O"C'P . (s\u) (2'P ya (s*v), 

whence the result follows easily. 
#17722, +: PeRel?excl, PE J.3. Prod‘dfiPsmor(2‘P)q [4177-21] ; 


SECTION D 
ARITHMETIC OF RELATION-NUMBERS 


Summary of Section D. 


In the present section, we shall be concerned with the arithmetical 
operations on relation-numbers. Their purely logical properties have been 
dealt with in Section A; in the present section, it is their arithmetical 
properties that are to be established. These properties result immediately 
from the arithmetical properties of relations which have been established 
in Sections B and C. The subjects treated of in the present section are 
analogous to those treated of in Section B of Part ILI, with the exception 
of such as have already had their analogues discussed in Sections B and C 
of Part IV. The analogy is sufficiently close to render it often unnecessary 
to give proofs, since these are often step by step analogous to the proofs of 
corresponding propositions in Part III, Section B. 


The two chief requisites in defining the arithmetical operations with 
relation-numbers are (1) to take due account of types, (2) to construct 
what may be called separated relations, ze. relations of mutually exclusive 
relations derived from and ordinally similar to given relations. Each of these 
points calls for some preliminary explanations. 


The sum of two relation-numbers y, » will be denoted by “w+,” in 
order to distinguish this kind of addition from +v (the arithmetical 
addition of classes) and 4+,» (the addition of cardinals). In defining p+v, 
we have to take account of the following considerations. 


Suppose P and Q are two relations which are of the same type, and have 
mutually exclusive fields. Then obviously we shall want to frame our 
definition of the sum of two relation-numbers in such a way that the sum 
of Nr€P and Nr‘Q shall be Nr(P4Q). But if P and Q are not of the same 
type, P#Q is meaningless; and if C‘P and C*Q overlap, PQ may be too 
small to have as its relation-number the sum of the relation-numbers of P 
and Q. Both these difficulties can be met by observing that, if Nr‘P =Nr‘R 
and Nr‘Q = Nr‘S, we must make such definitions as to have 


Nr‘P 4 Nr‘Q = Nr‘ R + Nr‘s. 
Hence, in defining the sum of the relation-numbers of P and Q, we may 
replace P and Q by any two relations R and S which are respectively like 


P and Q. Therefore what we require for our definition is to find two 
relations R and S which (1) are respectively like P and Q, (2) are of the 
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same type, (3) have mutually exclusive fields. All these three requisites are 
satisfied if we put 
R=] (AnCQisP.S=(An CP) 1 55Q, 
We then define P+Q as meaning R4S, and we define the sum of the 
relation-numbers of P and Q as the relation-number of P+ Q. This procedure 
is exactly analogous to that of #110; in fact, we have 
CCP + Q=COP 4097. 

In defining the sum of the relation-numbers of a field, we do not have 
to consider types, because the members of a field are necessarily all of the 
same type. But we do have to consider the question of overlapping. If a 
term # occurs both in C‘Q and ‘in C‘R, where Q, Re O‘P, we want a method 
of counting # twice over in forming the arithmetical sum. Thus Nr*S*P 
cannot be taken as the sum of the relation-numbers of members of C*P, 
unless P ¢ Rel? excl, Suppose, for instance, we have three series 


(a, b,c), (b, 6,4), (6, a, b). 

These each have three terms; and we want the sum of their relation-numbers 
to be the relation-number of a series of nine terms. But if we put 

Q=alble(wherealb|c is written fora bualcublo), 

R=b cla, 

S=clalb, 
and if we further put 

P=Q RLS, 
so that P places the above three series in the above order, we have 

SSP = (ta vb vt) T (av tb vc), 

which is not a series, and does not have the relation-number which we require 
as the sum of the relation-numbers of Q, R, S. 


What is wanted is a method of distinguishing the various occurrences 
of a and } and c. For this reason, when a@ occurs as a member of the field 
of Q, we replace it by a | Q@; when as a member of the field of R, by a | B; 
and when as a member of the field of S, bya | S. Thus the series (a, b, c) 
is replaced by (a | 2,61 Q,¢) Q); @¢, a) is replaced by (6) Rye) Ral R); 
and (c, a, 6) is replaced by (¢ | 8S, a | S, b | 8). The sum of these three series 
then has the relation-number which is required as the sum of the relation- 
numbers of Q, R, 8. 


The above process is symbolized as follows. The generating relation of 
the series (2 | Q,b | Q, cl Q) is | Q3Q; thus the three relations whose sum 
is to be taken are 1250, LRiR, | SS, ie. using the notation of #182, 


according to which we put Fae ada, our three relations are 1 @ 'B, f ‘8. 
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But the generating relation of the series (4°2 4B, 1‘S) is | 3P, since 
; ; % % 


P=(Q) RIS). Thus sp is the relation required for defining the sum of 
the relation-numbers of members of the field of P; ae. we put 


a 


SNr'P = Nr‘s‘ {iP Df. 


We will call {ip the separated relation corresponding to P, [sp is con- 
% : 
structed, as above, by replacing every member a of C‘Q, where QeO*R, by 


w|Q; so that if « belongs both to CQ and to C*R, it is duplicated by 
being transformed once into « |, Q, and once again into | R. 


For the treatment of products, we do not require [3P, because II‘P has 
been so defined as to effect the requisite separation. We might, however, 
by the use of iP, have dispensed with [I‘P as a fundamental notion, and 
contented eiiselves with Prod‘P; for we have 

IP = SProd* | 3P. 
Thus we might have taken Prod as the fandamentel notion, and defined II 
by means of it. 


The addition of unity to a relation-number has to be treated separately 
from the addition of two relation-numbers, for the same reasons which 
necessitate the treatment of P +> and w¢ P separately from P#Q. There 
is no ordinal number 1, but we can define the addition of one to a relation- 
number. If Nr‘P = and e~eC*P, we must have 

Nr(P pa2)="+4+i, 
where we write “i” for unity as an addendum. We do not write “1,,” 
because we shall, at a later stage, give a general definition of y,, in virtue 
of which, if ~ is an inductive cardinal, yz, will be the corresponding ordinal. 
This definition entails 1,=A, and therefore we use a different symbol aq 
for 1 as addendum. The symbol 1 is only defined in its uses, and has no 
significance except in a use which has been specially defined. 


We define the product » Xv as the relation-number of Px Q, when 
p=Nyw'P and v=N,r‘Q. The product so defined obeys the associative 
law, and obeys the distributive law in the form 

4a) Xu= WK e+e Xp) 
but not, in general, in the form 

BX (ve) =(Uxv)4 (Ux o). 
The latter form holds when p, v, @ are finite ordinals, as we shall prove at a 
later stage (#262). The commutative law also does not hold in general for ordinal 
addition and multiplication, but holds where finite ordinals are concerned. 
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The product of the numbers of the members of C‘P, in the order gene- 
rated by P, is defined as being Nr*II‘P, and is denoted by IINr*P. I¢ will 
be seen that IINr‘P is not a function of C‘P, since the value of a product 
depends upon the order of the factors; it is also not a function of NriP, 
unless no two members of (*P have the same relation-number. The pro- 
perties of ILNr‘P result from #172 and #174. 


“g to the vth power” is denoted by “wexp,v” and is defined as the 
relation-number of PexpQ, where w=Ny‘P and v=Nyr‘Q. Its properties 
result from the propositions of #176 and *177. 


#180. THE SUM OF TWO RELATION-NUMBERS 


Summary of *180. 

In order to define the sum of two relation-numbers, we proceed (as in 
#110) to construct a relation whose relation-number shall be the required sum. 
For this purpose, we put 

P+Q=a{[L(AnCQisP}t (A aO'P) 1 35Q} De 
This definition has the following merits: (1) whatever may be the types of P 
and Q, |(AnC‘Q)usP is of the same type as (AnC*P) 1 33Q; (2) however the 
fields of P and Q may overlap, and even if P= Q, the fields of |(AnC‘Q)}uP 
and (AnO*P) | 5uQ are mutually exclusive; (8) these two relations are 
wespectively similar to P and Q. Hence it is evident that, without placing 
any restriction upon P and Q, we may take the relation-number of P+ Q as 
defining the sum of the relation-numbers of P and Q. Hence we put 

wtv= R(qP,Q).w=Noet'P.v=NrQ.Rsmor(P+Q)} De. 

From this definition it follows that ~+v is null unless yw and v are homo- 
geneous relation-numbers, but that if they are the homogeneous relation- 
numbers of P and Q, then «+ is the relation-number of P + Q. 

In order to be able to deal with typically ambiguous relation-numbers, 
we put, as in #110, 

Nr‘Piv=NrP+y Df, 
wi Nr'Q=niNr'Q Df 

The principal propositions of the present number are 
#180111. +.C“(P+Q)=CP +0 
*1803. +. Nr‘P4Nr'Q=Nor‘P+Nr'Q =Nr'P+Nir'Q 

= Nyt P+Nir'Q= Nr(P + Q) 
*180°31. +: Psmor R.QsmorS.3.Nr‘P + Nr‘Q= Nr‘ R4+Nr‘S 

This proposition is essential, since otherwise Nr‘P4Nr‘Q would not 
be a function of Nr‘P and Nr‘Q, but would depend upon the particular 
P and Q. 

#18032. F:O'PnO'Q=A.D.Nr‘P4Nr'Q=Nr(P£Q) 
#*180°4. bigqivdtv.d.wveNR—tA.pveNR 
#18042, -.utveNR 

*180:56. [+ “tvto=pi(v} a) 

which is the associative law. 

¥18061. +. Nr‘ P40,= Nr'P=0,4+Nr'P 
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#18071. bFipveNR.3.C(utv)=O% np +, 0% 


This proposition gives the connection of ordinal and cardinal addition. 
It should be observed that, in virtue of #1549, O'‘u and C*‘y are cardinals 
when uw and »v are relation-numbers. 


#18001, P+Q={L(An OC QidP| f(A n OP) | 35Q} Df 
#18002. ptv=R(qP,Q).p=NeiP.v=Nr'Q. Rsmor(P+Q)} Df 
*18003. Nr‘P}v=Ne'P+v Df 
¥180:081. ui} NrQ=pyiNrQ De 

On the purpose of the definitions #180°03-031, see the remarks on the 
corresponding definitions in *110 and II T of the Prefatory Statement. 
#1801, F.P4+Q={L(AnCQpUPI F(A n OP) 135Q} [(#180-01)] 
#180101. F.C% (An C1Q)UP =| (An OQ)UCP. 

OCA n CP) L3UQ=(A an OP) | UO"D [#150°22] 

#18011. +. Of (AnOQ)UPAC(ANCP) [33Q=A [#180101 . 110-11] 


*180111. F.C"(P+Q)=C'P +09 
Dem. 
F.*180°101 . *160'14. 3 


F.C(P + Q)= J (An CQ)UCP vu (An CP) | Hor” 

((*110-01)] =C'P+0°Q.5+. Prop 
*18012. F. | (AnCQ)PsmorP.(AnC*P) | 3QsmorQ [*151°6164-65] 
#18013. +: RsmorP.SsmorQ.C'RaCS=A.3.R4ASsmorP+Q 

Dem. 
Fe «18022 -2F:Hp.d.Rsmor |) (AnCQuP. Ssmor(AnO'P)133Q (1) 
+. (1) .#180°11 . #160'48 . > 
b:Hp.>.RASsmor{ | (A nCQVGPL(A n OP) 1 5Q}. 

[(#180°01)] D>. RASsmor(P+Q): 3+. Prop 
#18014. F:0°PACQ=A.>.PHQsmorP+Q [x180-13.*151-13] 
¥18015. +:RsmorP.SsmorQ.3.R+SsmorP+Q 


Dem. 
f.#18012.5+:Hp.3. | (An O*S)3UR smor P. (An CR) | 538 smor Q. 
[¥180°13] D.{[LAnCS)URE(A CR) | 358} smorP+Q. 
[(k180-01)] >.R+SsmorP+Q:3+. Prop 


#180151. bs. CSP anCQ=A.9:Zsmor(P#Q).=. 


(q&, 8). RsmorP.SsmorQ.CRaACS=A.Z= RES 
Dem. 


+.#15048.5F:.Hp.3:(qh, 8). RsmorP.SsmorQ.C*RACS=A. 
Z=R4AS.9.Zsmor(P$Q) (1) 
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F .160°44. Dt: Pe Zsmor(PEQ).D.Z=TIPATIQ (2) 
b. 416014. #15111.5b:2e Zamor (PFQ).9.C°oPCAT.CQCAT (3) 
F.(3).*151-21. Db: Le Zsmor (PLQ).D.T3PsmorP.7iQsmor Q (4) 
b. «72-411 .415022.3h:.Hp.d: 
Te Lamot (P£Q).>. CTP nC*TIQ=A (5) 
F.(2).(4).(5). Dk Hp. 3: Le Zamor (P£Q).D. 
T3Psmor P.T3Qsmor Q.C°B}P aCTiQ=A.Z= T3PETIQ: 
(*151:12] 3: Zsmor(P#Q).>. 
(qk, 8S). RsmorP.SsmorQ.CRACS=A.Z=RAS (6) 
F.(1).(6). DF. Prop 
#180152. | : Zsmor(P+Q).=.- 
(qR, 8). Rsmor P.SsmorQ.C‘RaC'S=A.Z=R4S 
[x180'151-11-12] 
418016. +. Nr(P+Q)= 
Z\(qR, 8)-ReNr'P.SeNrv'Q.C'RaCS=A.Z= RAS} 


[#180°152 . #15211} 
#1802. -:Zeptv.=.(qP,Q).u=NotP.v=Nr'Q.Zsmor (P+ Q) 
[(#180°02)] 


#180201. bs. Zepiv.e:p,veN,R:(qP, Q). Pew. Qev.Zsmor(P+Q) 
[4155-27 . #1802] 
#180202. bs. Zep+v.=: 
‘ qip-gtvi(qP, Q).p=Nr'P.v=Nr‘'Q.Zsmor(P + Q) 
lem. 
b .4155'3422 . #180201 .3 
bs. Zepty.2iqip.gtyepveNR:(qP,Q). Pep. Qev.Zsmor(P+ Q): 
(4152-44)=:qleeqiv.p,veNR:(qP, Q).u=Nr'P.v=Nr‘Q.Zsmor(P+Q): 
[#152-41J=: qty. qty: (GP, Q).w=Nr'P.v=Nr‘Q.Zsmor(P + Q): 
3+. Prop 
In the following propositions proofs are omitted, since they are exactly 
analogous to proofs of propositions in *110 whose numbers have the same 
decimal part, 


#18021. bi.p,veNR.O:Zepiv.=.(qP,Q).Pep.Qev.Zsmor(P+Q) 


*180-211. Fi.p,veNR.D:Zepiv.z. 
(WR, S).Resmor'y.Sesmor'y. CRaCS=A.Z=R4S 


#180212. bs. u,veNR.3:Zepiv.=. 
(qR).Resmor“p.REZ. Zt (—C*R) e smor*y 


¥180'22. +. Nor’ P+ Nor'Q = Nr“(P + Q) 
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*180-24. |: Rsmor P.SsmorQ. >. Nor‘ R+NrS=Nor'PtNrQ 
[#180-15-29] 
#1803. +. Nr'PiNrQ= Nw P + Nr'Q=Nr'PEN iQ 
=NyatP$NaxtQ=Nr(P+Q) [418022 . (#180-03-031)] 
*18031. +: PsmorR. Qsmor 8.3. NriP+Nr‘Q= Nr‘ R4Nr'S 
418032. b:CPaCQ=A.>.NePENYQ=Nr(PHQ) [4180143] 
«1804. Fiqlwtv.d.pveNR—A.pveN.R 
#18042. +.uviveNR 
#18043. Fiptv=Ny'Z.=.Zeu+y 
#18053. |+.(P+Q)+ Rsmor P+(Q4+R) 
Dem. 
F . #160°44.. (#18001). > 
br P=] (An ORE | (An CQRGP.Q =] (An OR)U(A 4 OfP) 1 36Q. 
R= (An C(P+Q) Li6R.2.P FY =f (An ORK(P+Q). (1) 
{(#180°01)] D.(PAQAR =(P+QO+R.- 
[¥160°31] D.PRQLR)=(P4+Q)4+R (2) 
f+ (1) #1801159 #16014. DF: Hp(1).D. 
: COP ACR =A. CQO nCR =A (3) 


F 18011. «72411 .#15022,5+:Hp(1).3.06P nOQ=A (4) 
F.(3). (4). *16014.3+:Hp(1).3.C6eP nC(QtR)=A (5) 
Fk. «18012. D+:Hp(1).>.P’smorP.Q smorQ.R'smorR (6) 
F.(3). (6). #18013. 3+:Hp(i).d.Q#R'smorQ+R. 

[(5).(6).*180°13] >. PRO ER) smor P+(Q+R). 

{(2)] D.(P+Q)+ Rsmor P +(Q+ BR) (7) 


F.(7). #1319. DF. Prop 
#180581. P+ Q+R=(P+Q)+R Df 
#18054, +.(NréP4Nr'Q)+Nr'R = Nr(P + Q+R) 
4180541, b. Ne‘P-i(Nr*Q 4 Nr‘R) = Nr(P + Q4+B) 
#18055. +. (Nr‘P4+Nr‘Q) + Nr'R = Nr‘P+(Nr‘Q+Nr‘R) 
180-551. +. (Nu‘P + Nir*Q) + Nort R = Nor P + (Nor Q + Nat R) 
#18056. b.(utv)do=pivia) 
#180561. piviw=(uiv)ta Df 
#18057, F.(utv)é¢(eip)=etviaip 
#1806. F:yeNR.2.44+0,=smor'y=0,4 4 
Observe that »+0,=0,+, is an equation depending upon the peculiar 
properties of 0,. We do not in general have wtv=v+y unless » and v are 


Jinite ordinals. 


R&W IE 30 
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#18061. +.Nr‘P+0,=Nr‘P =0,4+Nr°P 
#18062. -:utv=0,.=.4=0,.7=0, 
#18064. +.0,+0,=0, 
#180642. +. 2,4+0,=0,+2,= 2, 

Note that 1+0,, which will be defined in #181, is 0,, not i. 

The following propositions, being concerned with the relations of relation- 
numbers and cardinal numbers, have no analogues in *110. 
#1807. +. C*Nr(P + Q)=CONr'P +, CONr'Q = NeOP +, NcoO"Q 

Dem. 

F.#152°7.9+. O“Nr(P+ Q)=Ne‘C(P + Q) 


[180-111] =Ne‘(O*P + CQ) 
[1103] =No'C*P +, NefO"Q qa 
[*152-7] = ONr'P +, C“NrQ (2) 
F.(1)-(2). 5+. Prop 

#18071, Fiy,veNR.d.C%(ptv)=O%u +, 0% 

Dem. 

+ .41524.5+:Hp.3.(qP,Q).u=Nr'P.v=Nr'Q. 

[*180°3] > .(qP, Q). p= Nr'P.v=NrQ.ptv=Nr(P+Q). 

{*180-7] >. (qP, Q).w=Nr'P.v=NrQ. 


C(wtv)=CONrP +,CNr‘Q. 
[*13°193] D.C (uty) = Cpt, Cv: D+. Prop 


*181. ON THE ADDITION OF UNITY TO A RELATION-NUMBER 
Summary of *181. 


The relation-number i has, according to our definitions, no meaning in 
isolation, because our definitions are framed with a view to series, and a series 
cannot consist of one term. But we can add one term to a series; hence i is 
required as an addendum. In order to get our definitions in the most manage- 
able form, we first construct a relation, which we call P +>, which is such 
that, whenever P exists, P-+»a has one more term in its field than P; the 
relation-number of this relation is then defined as Nr‘P+1. We add also a 
definition » Ae: 

ifi=2, Df 
which is purely formal, and serves to minimize exceptions to the associative 
law of addition. : 

The definitions are closely analogous to those of #180, We put 

PHa=lAJuPp(AnCP) {ie Df 
with a similar definition for 2<+ P. « and P may be of any relative types, 
and we have always 
$Al2GP smor P.(AnC'P) | hanweO* | AP (#1811112), 
We put 
wti=R ((qP,2).NetP=p.Rsmor(Pp-x)} Df 
with a similar definition for i+. We also introduce definitions analogous 
to *180°03-031, 

The principal propositions of this number are 
#1813, +. Nr‘P}i=Ny'P4+i=Nr(Ppz) 
¥#181:31. +: PsmorQ.3.Nr‘P4i=Nr‘Q+i 
#18132. braveC*P.D.Nr‘P4+i=Nr(Pp2) 

*181:33. tigveNR.gtuti.dtpev.e.ptiavti.s.i¢p=ity 
#181400 Fiqtvti.d.weNR-'A.peNR 
#18142. F.ntieNR 
The following propositions are formally forms of the associative law, but 
they need separate proof on account of the peculiarity of i. 
#18154. b:v+0,.d.(utv)t¢i=pi(rtl) 
#18156. biv+0,.3.(utitiapt(idi)=n42, 
#18158. biu+0,.040,.3.(uti)4v=pntiddv) 
30—2 
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#18169. b:+0,.v+0,.9.(ut))4(i4+0)=n42,40 

The hypotheses in the above propositions are essential. 
41816. big! P.3.0°Nr(P p2)=NeCP 4,1 
#18162. Fr weNR-1'0,.3.0%(w4+1)=O%U 4) =O%pte1 


These propositions give the connection with cardinals. 


#18101. Phe=lAJOP p(AnC*P) 1 tx Df 
#181011. 2} PH(itx) [(An OP) +A, J 5GP Df 
448102, pii=R(qP,c).NetP=y.Rsmor(P+y2)} Df 
4181021. l4p=R (qP,0).NotP=p.Remor(ed P)} Df 
#18103, Nr‘P+i=Ner'P+i De 
#181081. 14 Ne‘P=i4Nyr‘P Df 
418104 i+i=2, Df 
Propositions concerning #¢+P are omitted in what follows, since they 
are proved exactly as the analogous propositions concerning Pa are 
proved, 
1811, F:.R(P+o2)S.=:(qy,2)-yPs. R=(t'y) | Ag S=(t2)] Agev- 
(ay) yeOP. R=(t'y) LA,» S=(AnCP) Lefe [(#181-01)] 
MIBL1L b.(An C8) | fawe C8  ASUP 


Dem. 
f. *150-22., DE.C8L APP =] AOR. 
[#5515] DkiQeC’ LAPP. Dg. dQ=ttA, (1) 
b.k5Sd15. DE. An OP) | a= cee (2) 
b.(L)-(2)-451161. DF: QeO" LASOP Dg. 0Q4 (An OP) beta. 
[*30°37.Transp] 39: Q#t(An OP) fifa: 
[*13°196] DE.A(ANCP) Lifer eC lL AJOP. D+. Prop 
#18112. -.) AJP smorP [151-6165] 
#18113. b:Qsmor P.yre €'Q.3.Q+ysmor Phe 

Dem, 


»#18112.>+:Hp.3.Qsmor | AP (¢5) 
(1) -#161°31. 4181-11. DF. Prop 


F 
ia 

4181-200 b:Zep+i.=.(qP,2).w=No'P.Zsmor(P 4x) [(#18102)] 
bt 


#18121. bi.ueNR.3:Zep41.=5.(qP,2). Pew. Zsmor(Pa) 
[#181-2 . 4155-26] 
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#18122. +. NyiP$i=Nr(P pa) 


Dem. 
F. #18121. 3h: ZeNor'P+i.=.(qQy)-QeNx'P.Zsmor(Qpy) (1) 
b.(1) #1551241 5211. Db. Nr(P 2) CNP Gi (2) 
#1811211 . #16131. t:QeNy'P.Zsmor(Q-py).3.Zsmor(Pex) (3) 
f.(1).(8). #15211. DE: ZeNw'P+i.3.ZeNr(Pp2) (4) 
F.(2).(4). 94. Prop 


#18124. +: PsmorQ.>.Ner'PLi=Nor'Q+i [18122-1211 . 161-31] 
#1813. +. Nr'P$i=Nyr'P$i=Nr(P+2) — [¥181'22.(*181-03)] 
#18131. +: PsmorQ.>.Nr'P+i=Nr'Q+i [181-324] 
418132. bicve(*P.D.Nr‘P4+i=Nr(P +2) [#181313] 
#18138. biy,veNR.qiydi.divav.s.pti=vti.s.idpeiiv 
[*161-33 . #181:3°11°12] 

The above proposition is used in *253'23°571. 
#1814. Fiq!ud¢i.d.peNR—e'A.weN,R [4181-2 4155-22] 
#18142. |. ptieNR 


Dem. 
F.#1813. Db: weNR.D.(qP,2).pt+i=Nr(P be). 
[#152°4] D.ptileNR (1) 
b. «1814. Db spore NR. D.ptl=A. 
[154-242] D.wtleNR (2) 
F.(1)-(2). 35. Prop 


#18143, Frpt1l=Ny'Z.=.Zeptl [4155°26. *181°42] 


The following propositions are concerned with the associative law when 
1 is one of the addenda. 


#18153. big! P.cty.d.(P +2) -bysmor P+(ely) 
Dem. 

F.#13°15 . (#181-01).3 
b.(P ba) by=JAso[LAJEP (An OP) | al p {An CUP pa) Ley 
[4161-4] = | Ajit LASUPp LA, c(An OP) | tat {[An0(P +2) {ey (1) 
+. (1). #16122. 2: Hp.d.(P pa)by 

= JAG LASOPS (| Aytt(An OP) | oa} [Aa XP ea) Ley] @) 
+. #18013. 418111 .3 
b:Hp.d.L Ape PAJGP [LP AU(An CP) fea} L[[Anc( Pp acy] 

smorP+(eJ)y) (3) 

#,(2).(8). D+. Prop 
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#18154. b:y40,.d.(u4r)Fi=peo4i 
Dem. 
b. #1812. 41802.3+: Ve(utv) pi.s. 

(AP, Q, Ba). NotP =p.Noax'Qav.RsmorP+Q.Y¥smorRk 2. 
[¥181-22'31] =. (qP, Q,”). Nu'P =n. Nor'Q=v. Ysmor(P+Q) 2 () 
+. #15314.3+: Hp. dD: Ny Qav.d.qg!Q (2) 
F . *160°44 . (#180°01 . #18101). 3 
bP =JAU | AggitP.Q =) ASU Ag 1 35Q.X ={A n C(P + Q)} | ue, 

3. PQ ={ ASHP +Q)(P2Q) pX=(P+Q pe (3) 


f. #18012 .4181-12.3+: Hp (3).5.P’ smor P. Q’ smor Q (4) 
b. 18011. #72411. *18111.(3).5 
b:Hp(3)-3.C6oP nOY =A. Xve OP. Xv OY (5) 


F.#161-23.(4). +: Hp (3).G1Q.3-(P RQ) pX=PRY HX) (6) 
F.#181-13.(4). (5). : Hp(8).3. Q 4X smor(Q 2). 
[*180-13.(4).(5)] >.P(YpX)smorP+(Qh2) (7) 
bt. (1). (2).(6). (7). DF: Hp. Hp(3).3: Fe(Qutnt¢i.s. 
(aP, Q, 2). NofP=p.Noer'Q=v.¥smor P+(Qp2). 
[*180°3.*1813] =.(qP,Q,2).Nof'P=p.NorQa=v. YeNy'P+(Nr'Q41)- 
[¥13°'193.*155°2] =. p,veN.R.Yep+Fi). 
[#181-4.4180'4] =. Yen+@+i) (8) 
+ .(8). #1319. D+. Prop 
#18155. bi 4+0,.3.i4(u4r)=(i4p)4y [Proof as in ¥181°54] 
#18156. b:440,.3.(u¢lf¢iapi(ei)=p42, 
Dem. 
#1532. «1802.5 


bi Zep42,.=.(qP, x,y). w=No'P aty.ZsmorP+(aly) (1) 
F.(1). #18153. 9h:.Hp.3: 


Zept2,.=.(qP,a,y).p=NoxrtP.ety.Zsmor(Pha)by. 
[#18122] =.(qP,2,y)-w=No'P.vty.Ze(NrtP+i)ti. 
[*181-4] =.(qe,y).aty.Ze(uti¢i. 

[x24] =.Ze(p+i)ti 2) 


+ (2). (#18104). +. Prop 

The last line in the above proof, in which *24'1 is used, is legitimate 
because a and y may be of any type whatever, and therefore the fact that 
A+ V is sufficient to establish (qa, y).2+y in the sense wanted. 
¥181561. pilii=pz4i(i+i) De 

This definition adopts the opposite convention to that usually adopted. 
But it is convenient to have 0,+1+i=2,, and also to have as much simi- 
larity as possible between the results of adding 1 at the beginning and end 


of a relation. Both reasons lead to the adoption of the above convention. 
(Cf. *181-57-571, below.) 
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#18157. F:u+0,.0.i4(i¢y =(i¢i)tu=2,44 
[Proof as in *181'56] 

#181571. it+itp=(idi)¢, De 
#18158. bin+0,.v40,.3.(u¢) devant (itr) [#161:232] 

The proof proceeds in the same way as that of *181:54. 
#18159. b:240,.040,-3.(utL+( tr) =u442,4v [¥161:25] 

The above propositions show that, except when one of the summands is 
zero, the associative law holds for i just as if it were a relation-number. 

The following propositions are concerned with relations to cardinal 
addition. 
#1816. big! P.3.C°Nr(P-p2)y=NeCP +,1 

Dem. 
b.#1527. Dt. ON (P 2) =NeO(P bz). 
b.(1).#16114.5F:Hp. >. O*Nr(P be) 

=Ne{ | As u*CP vilf(An*P) | eal] 
[4110-13:'3.4181-11.4110-12] = Ne‘O'P 4,1: 5+. Prop 
#18161. big! P.d.CNr(ad P)=14+, NCP =NeCOP 4,1 
[Proof as in 181-6] 

#18162. b:peNR-¢0,.3.0%(p +1) =O" 4p) =O% 4,1 

Dem. 
F.415316.41524.9+:Hp.>.(@P).u=Nr'P.g iP. 


[¥181:3'6] D.(qP).w=Nr'P.C(Nr'P +i)=Ne'C'P 4,1 
[¥152-7] =O"Nr' P41. 
[13193] 3. 0%(u ti) = Cp t,.1 (1) 
Similarly b:Hp.d.0(1tp)=14.0% (2) 


F.(1).(2).*110°51. 5. Prop 


#182. ON SEPARATED RELATIONS 
Summary of #182. 


Tn this number, we have to consider, as a preliminary to the addition of 

the relation-numbers of a field, the properties of the relation [3P, which is 
be 

defined as follows. If «fy is any function of two arguments in the sense 


of *38, we put Pte =x PeDf. Thus t 'Q= Qt Q, we. if ‘Q=19Q. Hence 
iP is the relation of | QQ to | R}R when QPR. Thus the symbol | §P 


is only significant when P is a relation of relations; when this is the case, 
DP is the relation which results when, for every @ which is a member of 
% 

OP, every member x of C‘Q is replaced by «| Q. The result is a Rel’ excl, 
whose arithmetical properties serve to define the arithmetical properties of 
the sum of the relation-numbers of members of C“P. In the next number, 


we shall put 
ZNP=NrisyiP De 
% 

We shall put later 

TINr‘P = Nr‘ll‘P 
and we shall find 

IMP = SProdt {iP . Ne Il = Nr'Prodé ]3P. 

5 3 
Thus we might have dispensed with II‘P as a fundamental notion, using 
Prod instead, and putting 


IP =sProd ]3P De. 
5 
But this course is on the whole less convenient than that adopted in *172 


and «173. 


The notation 3 is thus required in connection with ordinal addition, 
where it is almost indispensable. It has besides certain minor uses. The 
object of the notation is to enable us to exhibit as a function of z an ex- 
pression of the form x ? #, where ¢ is any descriptive double function which 
exists for all possible pairs of arguments. Thus for example aja is a 
function of x, but the notations hitherto introduced do not enable us to 
exhibit it in the form R‘w. Hence if we wish (say) to deal with the class 


Piqz).wea. P=a\x} 
we cannot write it in the form R‘‘a unless we introduce a new notation. 
We put 


]iw=ale 


whence P(qe).wea.P=alaj=] “a. 
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We introduce the notation generally for all descriptive double functions 
which exist for all possible pairs of arguments. Thus “$” in this number 
corresponds to “?” in #38. 


In the present number, we shall begin by a few propositions illustrating 


Possible uses of the notation Q. Thus for example if A is a class of relations, 
we have hitherto had no simple notation for expressing the class of their 


squares. But since R=|'R, the class of the squares of X’s is | ‘A. The 
notation is, however, introduced chiefly in order to be applied to 4 and 


4 . We therefore proceed almost at once to propositions on |, and especially 
. 2 
on [3P. We have 

ey 


#18216162, +. |jPeReltexcl. Je1->1. [P smor P 


a ral 


#1822. FL Q=N(Q) Q) =I LQ 


3 
#18221. +. ]3P=ID TIP 
= 
We next prove (*182'27) that if P ¢ Rel?excl, then P has double likeness 


to T5P, the double correlator being t|D with its converse domain limited 
% 


a 


to OfS' |3P (*182:26). We then prove (*182'33) that if TTC'Z'P is a 
% 
double correlator of P with Q, then 7'||Cnv‘7+ (with its converse domain 


limited) is a double correlator of mn iP and 139, whence we deduce 
'” 9 


#18234. +: PsmorsmorQ.D. { »P smor smor { 3Q 


We next proceed to prove 


#18242, +. II‘P=43Prodf J 3P =s5D5II« | 3P = NE* | 3P 
i bs a} 


The proof of this is as follows: In virtue of *18221 and the associative 
law for II, we have 


siDitle | 3P = 1 [SP 
Now STiP={PolpPOrP (182-413), 
and (Pw IP OP) =P (#17251). 


Hence our proposition results. Hence we arrive at 
w18244. b. NrTIP = Nr‘Prodt | 3P=Ne‘Ilé | 3P 
Finally we have some propositions showing how the notation 3 can be 
applied in cardinals. It is then applied to ‘7 instead of, as above, to $- 
Sf . 
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We have (#182'5°51'52) « Ja=]< a. es » Sfx = 86 | Me. Thus the 


notation of the present nariber might have Bebi smploged 4 in dealing with 
cardinal addition (#112) instead of the notation eJ a. The general notation 
PJ was, however, required for other purposes (cf. *85) and could not have 
been dispensed with. 


In *183 we shall put 
SNr‘P = Nr‘S‘ } iP, 

and by #182'52 we have 
ETNe iu = Nofsé ‘ x, 


It will be seen that these formulae have the usual kind of analogy. 


418201. $=92(y=«22) Df 


#18202, Fiy$e.e.y=e%e ((«182-01)] 
4182-021, F.8'e=08x [#182-02 . #303] 
182-022. FES [182-021 . #1421] 
#182023. t:Sel—>Cls:(a).aCM*? [182-022 . #71166 .¥33-431] 
#18208. +.)«R=R [4182-021 . (#34-02)] 

Thus if A is a class of relations, the class of their squares is). 
#182081. +. a=ata [¥182-021] 
#182082. t. j w=0ele [182-021] 
#182033, #.9-2,=D«}=1, [#5613 . #182032 . *1533] 
#18204, . 4 ‘a= J ata [182-021 . #38-2] 


Observe that in |, we first take } and then put a circumflex over it. 
a3 2 


If we first took |, we could not then place two commas under it, because | 
is a relation, not a double descriptive function, and two commas can only 
significantly be placed under a double descriptive function. 


#18205. +. Q=1LOQ= Qt Q [182-021 . #1506] 

The relation for the sake of which the above notation is chiefly introduced 
is 3p, where P is a relation of relations. If P relates Q and R, then dip 
relates | QQ and | RR. This is stated in the following proposition: 
#1821, + [P= P (GQ.R)-QPR.X=010. Y=RLR 

[#182-023-05 . 150-4] 
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e18241, b.0*f3P=] <crp [#15022] 
% 


"9 


#18212, £208 0 Q=LQCQ=FIQ [4182-05 . 4150-22. 4335. (*85-5)] 


na 


18213. +.0"C°IP=P] «OP [x18211-12] 
i) 
#18214. +. Fel 31 


Dem. 
bk. ¥18212. DE: FI Q=FIR.D.,Q¢CQ=]R "CR (1) 
F. (1). #55°232.43745. 3b: FT Q=FIR.q!Q.9.Q=2 (2) 
b. #8745. DESL Q"CQ=) ROR.Q=A.5.) R“COR=A. 
[37 °45.433-241] 3.R=A (3) 
t.(1).(2).(3). DE: FI Q=FIR.9.Q=R:5t. Prop 
¥18215. bigi FT Qo FI R.3.Q=R 

Dem. 


+. #18212. 3b:Hp.d.q!) QCQnl ROR. 
[#55°232] 3.Q=R: I+. Prop 


an 


#18216. +.]3PeRelexcl [#1821215] 


9 


#182161. : | Q=]‘R.=.Q=R 
Dem. 
b. #18205. $ Q=]R.=.Q 
[165-23] 326 
+. (1). #8037. +. Prop 


1{Q=RLR. 
=R a5) 


4182162, befell. | sPsmorP [#182161 .#71'57 . #151243] 
Lt 3 


#18217. +. OS P3P=8((qQ.2).QeCP. re CQ. S=al Q) 


Dem. 
+. #182712 , #162°22 .*40°4.9 


+. OB] 5P= 8 (GQ). Qe OP .Sel QCO 
[455-231] =S{(qQ,a).QeOP.xeCQ.S=x} Q}.I+. Prop 


a 


#18218. + .#063* 3 P= FOP 
. 


bed 
Dem. 
b.#18217.5 


bso [P= OR (HQ, «)- QeCP.we OQ. y (wl Q B} 
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¥*182°19. 
Dem. 


¥*182°2. 


#*182-21. 
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[#55°13] =9R ((qQ.2)-QeCP.2e0Q.yan.R=Qh 
[¥13-22] =9R(ReCOP.ye OR 

[48351] =9R{Re CP. yFR} 

[485-101] = FEC“. D+. Prop 


n 
3 


DOORS! | P= CSIP. ACE YP = OP UA 
| : 


b. #4143 . 182-18. Db. DOR | 3P =D(FPOP) 
ba 


[162/23] = OEP (1) 
be wA1-44 #18218. “Ord! [iP = OC FPC'P) 
[#172192] =COP—A (2) 


t.(1). (2). +. Prop 
Fe 1 Q=M1(Q 1 Q)=M 4} Q [418205082 . #1722] 


Ed 


b. [ip =m [iP [#1822] 


? 


The following propositions lead up to *182°26°27. 


#18222. 


¥182:23. 


*182'24. 


*182°25. 


Dem. 


#182:26. 
Dem. 


n n 


F. Di] Q= Prod®| Q=vQ [*1822. #173122] 


t.uD3 ] Q=Q [182-22 . #151252] 
sd 
b.t3Dt | 3P=P [#18223] 
% 


bt. ODIs" [pas .cs [spc aD) 
b #5515. Db. DS | Qty ay. 
[483-43] DE. Oy eA(t|D). 
[w18212] DEO. PQCai|D). 
"3 
[#16222] Db. Oe] 3PCAW|D). 
[#16235] DE.GDIS']3P=BctsDt3 | IP 
ial 3 
[#182-24] =SP.D+. Prop 
t:PeRelexel .d.1/ DP OS | 3P e P amor amor | 3P 
. % 


f.¥1822425.9+. P=(i|D)ts P5P. 08 TSP CAD) (1) 
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k.#182°17 .*55°15.5 
+28, 7 eOR |5P. eDS=CDT LD. 
(qQ, BR, a,y)-QReOP.ceCQ.yeOR.csy Saal Q. Tay lR. 


[¥13195].(qQ, B,2).Q,ReOP.xeCQnCR.S=elQ.T=xlR (2) 
L (2). #16811. 


trHp.S PeCS* [3P.UDS=eD7.>. 

(4Q, B,2).Q=R.S=21Q.T=e]R. 
[#13-195172]).8=7 (3) 
+. (8). 47155. F: Hp. d.1| DP OS] Pell (4) 
b.(1). (4). #16418.35+. Prop ; 

#18227, +: PeRelexcl. >. Psmor smor | 3P [182-26] 
The following propositions lead up to #182°33'34. 
w1823. bs PCS Q « Pamor amor Q.D. (Lj Cav‘ TP OS T3Qe1 1 


7, Tt, OE 159 
Qa, Rk, od . 


be PhD OOS | 5Q, PHP tA“Or¥* | 3QeCls—1. 


9 


b «74775 


n n 


DOs IQ CT. eos | IQ CATH. >. 
$ t 


(Ll CaP) PCR 3Qe1 1 (1) 
+. #18219 .#16418.2h:Hp.>. PreDHOst | iQels1 (2) 
+. #16418-13. Db: Hp.d. 4p CQel—1. 
[182-19] D>. Tt psAsOrs LiQel1 (3) 
b. #16418. x18219. DF: Hp.d.sD“orss t sqcar (4) 
f. #1501. 483-431. Db. Corse ‘ 3QCa‘T+ (5) 


I. (1)«(2). (8). (4). (6). 9b. Prop . 
#18281, FrEN THOS. 3. | TIS =(L Cav | 8 


Dem. +. #18205... | P58 = (158) | (158) QQ) 
b. (1). #165°31.3 
bi Hp.>. | P3S= 2/38 | (258) 
[15014165321] = 75 | Cav‘P 43S | 8 


n 


[415013.#182-05]= (|| Cav'P't)5 | 92D. Prop 
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418232 F: EN Tog. d. t 3T43Q = (|| Cav‘) +3 p Ff) 
Dem. 
+ #16222. Db. Hp. d:Se0"Q. 5. EN TCS. 


[#18231] Dye] P38 = (LI Cave Ph | 48: 
[#150°35'1] D: Perpis= (2 Cnv‘Tt)+3 j 3Q:. DE. Prop 
#18233, /: TPOSS‘P ¢ Psmor smor Q.5. 

(Tl Cav'2t) POR 1 5Q e( [3P) amor amio ( 43) 


Dem. 
F.*16418.3b:Hp.d.0°7CCSQ. TPC Pel+1. P=THtQ. 
[*74°11} SD. EU Tosg. P=THQ. 
[#182°32] >) + {PP = Cav Tt) ti 132 (1) 


b. (1). #1823 . #16418. 95. Prop 
#18234. +: PsmorsmorQ.3. 4 %Psmorsmor {3Q [*182'33] 
a 2 id 


The converse of the above proposition is false. For example, if Q= t 5P, 
% 


we shall have [ip smor smor $59, by #182°16°27, but we shall not have 
ee #¥. 
P smorsmor Q unless P ¢ Rel’ excl, as appears from *182'16 and #16423, 


#182-411°412 are lemmas for *182°413. All the following propositions 
lead up to *182-42, which leads to *182°44, 


a 


#182411. F.8C* P3P=IPCP 
Dem. +. #150-22.D+.#0* | 3P = 5° “OP 


[182-032] =#R(qy) .yeOP.R=yly} 
[e411] = 82 ((qy)-ye CP .a(y Ly)z} 
[%55°13.#13-195] = 22 [ze CP. 2 = 2} 
[#50°1.*35°101] =IPCP.D+. Prop 
4182-412. |. F}[3P=P 
Dem. 
b. #15011 . #182-:032.51. Fs [3 P =29 ((qz,w).cPw.aF (2) 2). yF (wl w)} 
[*33°51 55°15] = 29 ((qz,w).2Pw.c=z.y=} 
[#13-22] =P.Ot.Prop 


a 


#182413. b.S6P3P=PoTPCP [¥182411-412. #1621] 
#182414, |. | 3P Rel’ excl 
Dem. 
F.#15022.94.0°[3P= | “OP 
[#182032] =Q(q2).c2eOP.Q=a] ah () 
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rn 


(1). #55515. D4: Q, Re] IP. gi CQnOR.>. 


(az, y).0,yeCOP.Qaale.R=yly.qivaney, 


[#51-231.Transp]>.(qz,y).-Q=ale.R=yly.c=ay. 
[13:195:172]  3.Q=R: D+. Prop 


182-415. 
Dem. 


a 


k:QeC*[3P.3.CQel 


F.¥15022.3+:Hp.>.(qz).2eOP.Q=ala. 
[#55°15] D.(qz).ceOP.CQ=ta. 
[%52°1] D.CQel:D+. Prop 


The purpose of the above proposition is to enable us to apply #174:221-231 


n 


to II‘TD} | 3P, as is done in *182°42'43°431 below. 


*182°42. 
Dem, 


*182°43. 
Dem. 


*182-431. 


#*182-44. 


*182-45. 


F.1P=8Prodé | 3P = sDiN J jP= ESP 


oe) 


b. #18221. Db. SDs | iP = HDI | iP 


a 


[#174°221.#182-414-415] = IIS‘ [5P (1) 
[*182-413] =WT(Pulf CrP) 

[#17251] =II‘P (2) 
F.(1). (2).#173'1. 5+. Prop 


b. sf (C*Prod‘ 43P) ¢ (II<P) sia0F (Prodé | iP) 


+. #174231 .#182-414-415 2D 


b. SP (C'Prod I | 3P) e (IS | 3P)smor (Prod'T J3P) (1) 
b. (1) .#182-21-42. +. Prop 


n n 


bt. 8) DP (CIS | 3P) e (II*P) ainor (11 | §P) 
"y 7] 
[a1 74-221 . #182-414-415-21-42] 


b. Nr‘ll‘P = Nr‘Prodé | 3P = Nr‘llé i 3P [¥182-43-481 #152321] 


n 


tk: Pe Rel? excl. >. Nr‘Prod‘P = Nr‘Prod‘J3P [*182-44.#173:16] 


” 


The following propositions are concerned with cardinals. They show 
how to express the propositions and definitions of *112 in the notation of 
this number, and they thereby illustrate the analogy of cardinal and ordinal 


addition. 


¥182'5. 


*18251. 


fal 


FieTa={'a — [#182-04. ¥85-601] 


beeL a=] “ec [#1825] 
a3 
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#18252. 1. 2fe =s6 in “xe. TNe‘« = Nefs‘ I “« [#182°51 .*1121:101] 
cea Ee] 


418253. F:0PC'Pel 1.9. 
Oped P)< el “OM C¢P) am am (O“ CS 4 3P) 


Dem, 
b.#18218 . #4144. 3b. shOSdS { sP =A FE CP) 
[*35°64] Cccp (1) 
b.(1).#7475.5+:Hp.d. (pos ]sPe1o1 (2) 


ke #55581 6 LDh.(@l Q|C=2} CQ. 
[38-11] DF. [CY Qe = (CQ)a. 
[#1821204] DF. jouer] ‘Qa pec. 
[x15022] DF. \ocucr] P= jouor (3) 
b. (2). (3). 111-14. #16222. 3. Prop 

418254. b:CPC'Pel 1.2. Nes [P= ENe‘C“OP 
[182-5253 111-44] 


¥183. THE SUM OF THE RELATION-NUMBERS OF A FIELD 
Summary of «183. 


In this number we have to define and consider the sum of the relation- 
numbers of the members of (*P, where P is a relation of relations, Since 
relational sums are not commutative, we cannot define the sum of the 
relation-numbers of members of a class of relations X: it is necessary that 
A should be given as the field of a relation P, where P determines the order 
in which the summation is to be effected. 


In order to avoid repetition, we replace P by {3p, so that if Q isa 


member of C‘P, Q is replaced by i “Q, ie. by | GQ. This relation is like Q, 
and its field has no members in common with the field of | R>R, unless Q= R. 
Hence we are led to the following definition: 

4183-01, INYP=NrS]5P Df 


This definition is analogous to ¥112°01, as appears from *182°52, and the 
propositions of the present number are analogous to some of the propositions 
of ¥112. 


We have not merely 
#18311. +: PsmorsmorQ.3.=2Nr‘P ==Nr‘Q 
but also 
#18316. bs { $P smor stnor j 3Q.. SNr'P = ENrQ 
which is a proposition with a weaker hypothesis than that of *183-11 (cf. 
note to ¥182°34), 
Important propositions in this number are 
#18313. b: Pe Rel’excl.>.Nr‘E*P= ENr'P 
*183-2, +: =Nr'P=0,.=.3'P=A 
Ie.a sum is only zero when there is no summand except (at most) zero. 
(Cf. *162:4°45.) 
18325, +. =Nr‘P s 5Q = Nr(Q x P) 
¥183-26. +:.Multax.3:PeNr‘R.C'PC NrS. 9. ZNr‘P = Nr(B x 8) 
This proposition connects addition and multiplication. 
4183-31, +: P+Q.3.2Nr(P | Q)=Nr'PiNrQ 
This proposition connects the two kinds of addition, We have also 
#18333, big P.ZveO'P.3.2Nr(P + Z) = SNr'P + NrZ 


R&Wwil 31 
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The associative law of addition in a very general form is 
418343, ': Pe Reltexel. >. ZNr'S) | }P=ENeaP 
7 


Finally the connection of ordinal and cardinal addition is given by 
#1835. bs Ch CePel—~»1.3. C“2ZNr'P = TNe‘O“CP 


na 


#18301. ZNr‘P = Nr‘X* 4 3P Df 


a 


#1831. . ENr'P = NE‘ {5P _ [(#18301)] 


#183-11, +: Psmorsmor Q.3.=Nr‘P= ENr‘Q 
Dem. 


+ .#18234. DF: Hp.>.( | 3P)smorsmor( | 3Q). 
= 9 
[164151] 3. (S| 5P) sor (S* 1 5Q). 
[#183°1.4152321]  3.=2Nr‘P=ZNr‘Q:3+. Prop 
418312, +: Psmor smor } 3Q.D NrSP=SNrQ [164151 . #183-1] 
#18313. +: Pe Rel’excl. 3. Nr‘S¢P= ZNr'P [*182°27 . *183-12] 


#18314. }. ENrP= ENré | 3P 
o 
Dem. 


} #18216. #189:13. D+. NefS* | 5P= SNe‘ | 5P (1) 
F.(1). #1831. 54. Prop 
4183-15, f: { iP smor smor f iQ... EN P=SNrQ [x18311-14] 
#1832, b:ENr'P=0,.=.2P =A 
Dem. 


F.#183'1 #15317 .3 


bn SN P=0,.2:3!)3P=A:z 


9 


Ml 


a 


[¥162:42] SiO sPcrdA: 

[*182-05] =:1QeC'P.D9.) GQ=A: 
[#151-65.4153101] =: QeO*P.D9.Q=A: 
[*162°42] =:3‘P=A:.3+b. Prop 


#18322, +: Multax. Degt([iP) ator @ 3Q) n Bl'smor. >. SNe P=ENr'Q 
Dem. 

+. «164-46. *182-16.> 

Fi. Multax.3:q! (L3P) aioe (] #0) a Ri‘smor. 3. 3¢ | 5P smor xq 3Q. 

[#183°1.#152:321] D.2Nr‘P=ENr‘Q:3+.Prop 
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#183-23. F:.Multax. 3: P,QeRel?excl.q! Psmor Qn Ri‘smor.d. 
ENP =ENrQ [#16446 . #183-18] 

#183231, b: PeNrR. OP CNrS. =. | 5PeNr'h. Cf [sPcnes 
Dem. 

f #182162. #15291°821.3+: PeNr'R.=.J3PeNrR ren) 

#1820511. 36: CO LSP CMS. =: QeCP. 2. 1Q3Qe Nr‘: 

[#151-65] :QeCSP.39.QeNr‘S: 

[22/1] :O°PCNrig (2) 

F.(1).(2).. Prop 

¥#183-24. bs, Multax.3:P,QeNr'R. CP, C'QeClNr'S.>. EN‘ P=ZNrQ 
Dem. 

+,#183231.3t:. P,QeNr'R. OP, OQ eCINrS. 3: 


[sP.[iQeNrR : or Usp, o* a 3Q eCINYS: 


ol 


(*164°48.4182°16] 3: Mult ax.> a +P smor smor ]3 Q. 

[#18315] >. SNP = ENr'Q Q) 
F.(1).Comm. 3. Prop 

#18325, +. SNr‘P 4 5Q=Nr(Q x P) 


Dem. 
F.#165°21 . ¥183:13.3+. SNrfP } 3Q=NrB‘P 1 5Q 
mi bd 
(*166:1] = Nr(Q x P). 3+. Prop 


¥183-26. /:.Multax.3:PeNr‘R.C'PCNr‘S.5.2NrP=Nr(R x 8) 
Dem. 

+. *165°27 . #183:24.5 

b:.Multax.3:q!19.PeNr'R.OPCNrS.3.2Nr°P= =Nr‘S | iR 

[*183'13.*166'1] =Nr(Rkx8) (1) 

+. #153:11:101.5 

b:S=A.PeNrR.CPCNrS.3.0°P CUA. 


[*162:42] D.U°PHA. 

{*183-2] >. ENrP =0, (2) 
b.*166-18.36:S=A.3.RxS=A (3) 
F.(2). (3). *153:17.> 

h:S=#A.PeNrR.C'PCNrS.>. ENP =Nr(R x 8) (4) 
b.(1).(4).9+. Prop 

¥183:3. +. =Nr‘A =0, [¥183-2 . *162°4] 


#183301. |. SNr(A | A)=0, [183-2 . #16241] 
31—2 
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#183:302. F. SNr(P | P)=Nr(C*P f C*P) 


Dem. 
+. #18313 .*163'41.3+. SNr(P | P)=Nr'S(P | P) 
[*162°3.*160-1] = Nr(CP f CP). 3+. Prop 
#18331. /:P+Q.9.2Nr(P 1 Q)=Nr'P+Nr‘Q 

Dem. 


#1831. DF. SNr(P | Q)= Ness { (PQ) 
[*150°71] =Nr'S4{ «t PLL Q) 
[162-3] = Nr } ‘Ph f Q) (1) 
+, (1) .#180°32, #1821215.3+:Hp.d. 

SNr(P 1 Q)= Nr ‘P4.Nré Q 
[¥182'05.#151°65.¥18031] =NrP4+Nr'Q: D+. Prop 


#18332. £:C’PanCQ=A.5.3Nr(P#Q)=ZNr'P + 2NrQ 
Dem. 


b.¥1831.F. SNr(P4Q)= Ness { 1P4Q) 


[162-31.41 60°44] =nrcse] iP$E‘ 13Q) (Ql) 
F . #18217 . #55202. > 

Fs GOR] 5P a ors 139 .=.(gS,R,0). ReOPaCQ.reCR.S=alR. 
[#10°5] D.q!OP ag (2) 
+.(2). Transp. Dt: Hp.>. age ete as 


[180-32] >. Nr(s 4 IPHR[3Q) = Nese | J P4Nresf 3Q 
[#1831] =SNvP+ENrQ (3) 
F.(1).(3).3+. Prop 


#18333. Fig !P.ZeeC'P.3.=Nr(P  Z)= Nr P+Nr'Z 
Dem, 


} #1831. 3b. 2Ni(P 4) Z) = Nr& J (PZ) 


[¥161-4] =Nrs([3P > |Z) (1) 
2 as. 

(1). #16243. F:Hp.2.ENr(P Z) = Nr(S‘ | iP$ 1 ‘Z) 

(*182-12-15.*18032] = Nr 5P 4 Ne] eZ 

[¥183°1.*182-05.4151°65] = SNP 4 NrZ: Db «Prop 


#1833381. bi P.Z~seC'P.D.2Nr(Z4 P)=Nr'Z4 SNr'P 
(Proof as in *183'33] 
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#18342. +: PeReltexcl. >. | +P e Rel’ arithm 


485 


Dem. 
#1633. #182162. 4: Hp. >. | t)Pe Rel exel (i) 
F. *162°35. DEE [HP [iee. 
[x18216] Dh. 3s 4 45 ¢ Rel? excl (2) 


F.(1).(2).%1748. 34+. Prop 
#18343, |: Pe Reltexcl. 9, ENSi | $3P = ENvX‘P 


This is a form of the associative law of addition. 
Dem. 


#18342. 4174-36. D+: Hp. 3.35 | $5P ¢ Rel excl. 


[¥183-13] >. =Nrs3 $5P = Ness oH P 
[*162°34] = Nr'S‘3* { HP 
[*162'35] = Nr | 55¢P 
[*183:1] = =Nr'S‘P: D+. Prop 


#183-5. FCP C'Pel—y 1.3. C8 ENr'P = ZNe‘O“C'P 
Dem. 
F.#152°7 . 1831. 5b: Hp. >. C“ZNr'P = Ne Ora! | 5P 


4 
[#182°54] = =Ne'C“C'P . D+. Prop 


*184. THE PRODUCT OF TWO RELATION-NUMBERS 
Summary of *184. 


The propositions of this number are for the most part analogous to those 
of the propositions of *118 which are concerned with « x,v. Those of *113 
which are concerned with a x 8 have their analogues in *166. We put 
#18401. pXv=R ((qP,Q)-n=No'P.v=NwQ. Rsmor(P x Q)} DF 
#18402. Nr‘Pxv=Nor'P xv Df 
#184038. 2x Nr'Q=uxNorQ Df 

We prove that Xv is only zero when one of its factors is zero (x18416); 


we prove the associative law (*18431), and the distributive law in the 
forms 


#18433. |: PeRel?excl. D. 2Nr‘P x Nr‘R = SNr‘(x R)3P 

#184°35, +. (vd a)Xp=(vXp)4(oXp) 

and we prove 2,Xu=p+,(*184'4). Also we extend the distributive law 
to the case where one of the summands is 1, i.e. we prove 


*18441. F:v+0,.3.(vti) Xp=(X pn) 4h 

#18442. b:v+0,.3.(i +r) Xu=pt(vXp) 

and the connection of cardinal and ordinal multiplication is given by 
#1845. FipveNR.D.C(u xv) =C%p x, Oo 


#18401. upXv= R {((aP,Q).w=NoxrP.v=Nor'Q. Rsmor(P x Q)} Df 
*18402. Nr‘Pxv=Ny'Pxv Df 
¥*18403. px NrQ=nxNorQ Df 


¥1841. +: Rewxv.=.(qP,Q)-p=No'P.v=NorQ. Rsmor(P x Q) 
[(#18401)] 


The proofs of the following propositions are omitted, since they are 
analogous to those of the corresponding propositions of *113. 


#18411. Fiqipxv.d.pveNR.qiy.qiy 
#184111, bra(y,ve NR). dpe A 
#18412. bi.uveNR.D:Rewxv.=.(qP,Q).Pew.Qev.Rsmor(Px Q) 
#18413. +. NrePxXNr'Q=Nya'P x Nr'Q = Nr'P XN rQ 

=Nur‘P x Nor'Q = Nr(P x Q) 
#18414. +: PsmorR.QsmorS.3.NrP x Nr'Q= Nr‘R Xx Nr‘S 
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#18415, Few xveNR 
#18416. Fi.pXv=0,.=:4,veNR—U'Aty=0,.v.7=0, 


#1842. +: Multax.3:PeNr'R.CPCNrS.D.2Nr'P=NeRXNrs 
[183-26 . #18413] 


#18421, [:.Multax.D:pveNR.vtA. Pep. OP Cv... ENrPapxy 

Dem. 
b.*15245.3b:neNR.Pep.d.p=Nr'P (1) 
b.#152'45.Dh:veNR.OP Cv. SeCP.D.v=Nr'S.O°PCNr'S (2) 
F. (1). (2). #1842. 
Fi. Multax.DipveNR.Pep.CPCv.8SeOP.d. 

=Nr'P = Nr'P XNr‘'S.u=Nr'P.v=Nr'S. 

[¥13°13] Dd. ENP =pxp (3) 
F. (3) .*10°11/21:23 . > 
Fs. Multax.Dip,veNR. Pep. OPCrv.qiCP.3.2Nr'P=yxv (4) 


b.#183-2.%1624. DF: P=A.D.=Nr‘P=0, (5) 
+. ¥15816. Transp. Dti.peNR.Pep.P=A.D:4=0,! 
[¥184-16] DiveNR—UA.D.pxXv=0, (6) 


b.(5). (6). DEryveNR.vtA.Pen.OPCv.P=A.3. 
ZNrP=pxv (7) 
F.(4).(7). 34. Prop 
#1843, + .(Nr‘P x Nr‘Q) x Nr‘R=Nr‘P x(Nr‘Q x Nr‘ R)=Nr(P x Q x BR) 
Dem. 
F,*18413.D+.(NréP X Nr‘Q) x NrfR = Nr(P x Q)x Nr‘R 


[#184'13] =Nr(P x Q x R) 
[&166°42] =Nr‘{P x(Q@x R)} 
[*18413] = Nr‘P x (Nr‘Q X Nr‘R). D+. Prop 
#18431. b.(uxXv)Xo=px(vXo) 
Dem. 


b.xk184111. Db :n(iyoe NR)... uxv)XwH=A.pxX(vXa)=A (1) 
F.*155:2. Dkiy,y,a7eN,R.D. 


(qP,Q,R).p=Ny'P.v=Nyxr'Q- c= Nek (2) 
b. #18413. 
brp=Nuw'P.v=Nor'Q.o=Nor'R.D.(pXv) Xo =Nr'{(P x Q) x B} 
[*184'3] =Nr‘{P x(Qx B)} 
[*184-13] =uX(vXo) (38) 
F.(2).(3)-Dbt py, weNR.d.(uxXv)Xo=pXx(vXo) (4) 
F.(1).(4). D4. Prop 


#18432, wXvXo=(uxr)Xa DF 
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#18433, |: PeRePexcl.>. INr‘P x Nr‘R==Nr(x R)3P 
Dem. 
+. *183:13.3+:Hp.>.2NrP x Nr’R=Nr's‘P xX Nr‘R 


[¥184'13] =Nr(3‘P x R) 
[4166-44] =NrS(x RiP (1) 
F.*1663. Db:Hp.d.(x RP e Reltexel. 

[183-13] D.NrS(x RYP=ENr(x RP (2) 


F. (1). (2). D4. Prop 
#18434. +. (Nr‘P4 Nr‘Q) x Nr‘R = (Nr'P X Ne‘R) 4 (Nr'Q x Nr‘R) 
Dem. 
F.*180°3 . ¥18413.) 
b.(Nr‘P+Nr‘Q) X Nr‘ = Nr{(P + Q) x B} 
(¥166°45.41801] =Nr{{ J (An CQpiP} x REA mCP) | 325Q} x BR] 
[*166°3.%180-1132] = Nr‘{[{ | (An 0*Q)i3P} x RJ 4+ Nr[{(An OP) | 505Q} x B] 
[¥184°14.%180°12] =Nr(P x R)4+Nr(Q x R) 
[¥184-13] =(Nr‘P x Nr‘Q)+(Nr‘Q X Nr‘R). D+. Prop 
#18435, +. (pda) Xp=(vXp)t(mXp) [#18434] 
The proof proceeds as in *184-31. 
#1844, +.2,.Xp=pip 


Dem. 
be #184111. #1804. 3b pre NR.D.2.Xp=Aspepod eo) 
b. #15824. *18413. 
Fip=NrP.3.2,Xp=Nr{A | (tf) x P} (2) 
F.#166-1. 3b. A | (a) x P= SP L(A | 2) 
mp 

[¥150°71] =B(P LA) | (Pf 1'2)} 
[*162'3] =(PLA)F(P Lua) (3) 
+ .*180°31-32 . #165°251-211. Transp. > 

FNr(P LA) F(P | a)} =NeP + NeP (4) 
F.(2).(8). (4). Dkr p= No P.3.2,Xn= Nr’ P4NrP 
[*180'3] ="tp (5) 


b.(1).(5). 3+. Prop 
418441, bivt0,.d.(vtiI) Xe=(oXp) ty 

Dem. 
+ .#166'53 . #180°32 . *165-251.D 
FegtQ.yre CQ. >.Nr{(Q-+y) x P}=Nr(Q x P)4NeeP (1) 
b, (1). #18132. *18413.> 
bsp=Nr'P.y =Nr'Q.v40,.yre OQ. 2.41) xXp=WxXptp (2) 
Fe *1811112, DF rveNR—-1'A.D.(qQ,y).v=NrQ.yre OQ (3) 
F.(2).(8).D 
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biweNR.veNR-t'A.v+0,.0-(0¢l) Xp=(oX pth (4) 
b.¥184111.%181-4.5 

bin(weNB.ve NR—UA).D.(v4 1) XpHA. (Xp) tpeA (5) 
F.(4).(5). +. Prop 


#18442. bsv+0,.0.(i40)Xp=pt(vXp) [Proof as in *184-41] 
#1845. Fsyj,veNR.3.C%(p xv) =O%p x, OND 


Dem. 
F.#18413.3+F:Hp.Pep.Qev.d. Cp xv) =C“Nr(P x Q) 
(*152°7.4166'12] =Ne(C'P x CQ) 
[#152°7.%113-25] = O“Nr'P x, O*NrQ 
[152-45] = Ow xq OD ab) 
F .¥18411 .*113:204.5 
bin(qip. gly). d.0%(pxvyH=A. 0% x, OHA (2) 


F.(1).(2).9 +. Prop 


*185, THE PRODUCT OF THE RELATION-NUMBERS 
OF A FIELD 
Summary of #185. 


The subject of this number is analogous to part of the subject of #114. 
The propositions concerned are immediate consequences of previously proved 
properties of II“P, and offer no difficulty of any kind. 


#18501. IINr‘P=Nr‘‘P Df 


#185°1, +, TINr‘P = Nr‘II‘P [(#185°01)] 

*18511. +: PsmorsmorQ.>.0Nr‘P=TINr‘Q = [x1%2-44] 

w18512. + . IINr‘P = Nr‘Prod‘ | 3P = Ne‘llé |3P [182-44] 

#1852. +. TENr‘A=0, [#17213] 

#185-21. +. TINr(P | P)=Nr‘P (¥172°2 . 165-251] 
#185:22, +.TENr“A | A)=0, [%185-21] 

#18623. +: AcO*P.>.MINr‘P=0, [*172:14] 

#185°25. +::Multax. 3: TINr‘P=0,.=:AeC'P.v.P=A [172-182] 
*185°27. |:.Multax. >: P,QeRel?excl.q! Psmor Qn Ri‘smor.>. 


TINr‘P =TINr‘Q  [*172°45] 
#18528. | :.Multax.3: P,Q Rel’excl. P,QeNr'R.O*P,0°Q e CINrS.D. 
TINr‘P=IINr‘Q  [x164°48 . ¥185°11] 
#185°29. [+ :. Multax.3:PeRePexcl. Pe Nr‘R.C'PCNr‘S.D. 
TINr‘P=Nr(Sexp R) [176-24] 
418531. bi !P.1Q.0'P a CQa=A.>.TINT(P 4£.Q)= TIN P XTINrQ 
[¥172°35] 
#185°32. F:ZeeC'P.D.TINr(P Z)=Nr' PX Nr'Z  [¥172'32] 
#185321. bs Zw eOP.D, TNr(Ze P)=NeZXUNP [#172321] 


#18535, +: P4Q.>.1Nr(P | Q) =NvePxNrQ [¥172-23] 
#1854, bs. Pe Rel? excl: QPQ. 3g. C0'Qe0¥1:D.MNr ITP = TNr's‘P 
[#174°241] 


#18541, +: PeRePexcl. PEJ.3.NNrMP=MINr'S'P [#17425] 
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The following proposition gives the connection between ordinal and 
cardinal multiplication. 
#1855. +: PeRelexcl.q!P.3.C“IINr'P=MNcO"C'P 
Dem. 
+.*173-16.3+t:Hp.>.C“IINr‘P = C“Nr‘Prod‘P 
[x152°7] = Ne‘('Prod‘P 
[¥173-161] = Ne‘Prod‘O“(*P 
{*163'16.4115°12] =TINc‘C“C'P: 3+. Prop 


*186. POWERS OF RELATION-NUMBERS 
Summary of *186. 


For “» to the vth power,” where ordinal powers are concerned, we use 
the notation “wexp,v.” We cannot use “yw” or “pexpy” because these 
have been already used for cardinals and classes (*116). We therefore put 
a suffixr to “exp” to show that it is relutional powers that we are dealing 
with. We put 


wexp,»=Ri(gP,Q).u=Nye'P.v=Nor'Q. Rsmor(P exp Q)} Df 
The following are the principal propositions of this number: 
#1862. tiweN,R.>.0,exp,~=0,. exp, 0, =0, 
We do not have pexp,0,=1, because there is no ordinal 1. 
#18621. |. wexp,2,=uwX pe 
#18622. |. aexp,(@41)=(aexp, 8) Xa 
#18623. | .aexp,(1+8)=aX(aexp,@) 
#18614. biv+0,.040,.D.aexp,(v +o) =(p exp, v) X (uexp, a) 
Fr 
Fs 


” 


#*186°15. 
#18631. 


oa CRIV.D. wexp,(@ Xv) = (4 exp, v) exp, 8 
«Multax.3ip,veNR—UA. Pe RePexclny.C’PCv.d. 

TINr’P = wexp,v 
which connects exponentiation with multiplication. 


#1864. +. Nr©Py,=2,exp,(Nr‘P) (ef. #177) 
#1865.  braveN,R.v+0,.3.0(pexp,y) = (Cun 
which connects ordinal and cardinal exponentiation. 


#18601. pexp.v=R ((qP,Q). w= Ne P.v=Ne'Q.Rsmor(PexpQ)} Df 

#18602. (Nr‘P)exp,v=(Nir'P) expe» Df 

#18603. exp, (Nr‘Q)=exp,(NorQ) Df 

#1861. Fs Rewexp,y.=.(qP,Q)-w=Nxr'P.v=N,r'Q.Rsmor(P exp Q) 
{(186-01)] 

¥18611. Fg! wexp,».d.m,veN.R. pveNR—vA 

#186111, bin(ujve NOR). D.pexppy=A 


¥18612, +: Rewexp,v.=.(gP,Q).w=Ne'P oy = Nor'Q . Remor Pe 
[*176-181 . 186-1] 
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*186-13. + .(Nr‘P)exp,(Nr‘Q)=(Nor‘P) exp, (Nr‘Q) = (Nr‘P) exp, (Nyr‘Q) 

. = (Nor P)exp,(Nor'@)= Nr(PexpQ)=Nr¢ P%) 

[Proof as in *180°3] 
*186-14. biv40,.0+40,.3. exp, (vt a) =(u exp, v) X (exp, ar) 
Dem. 
b.#180°4.%186111.5 
Fr w(u,v, oe NR)». wexp, (va) =A. (wexp-»)X(uexp,a)=A (1) 
F. «18613. 41803.) 
birp=Nor'P.v=NorQ.ac=Ny'R.D. pexp,(v +a) = NriPerek (2) 
F. *176°42 .*18011.5 
F: Hp. Hp(2). 3. Nr6 Per? = Nr( Pyare x PUnceyd 35k) 
[%180°12."176°22.4166°23] = Nr‘(P? x PP) 
(*186'13.#184°13] = (exp, v) X (w exp, w) (3) 
b.(2).(8). #1552. DF ry,y,0¢eN,R.vt0,.0+0,.3. 
= exp, (v + @) = (w exp,» exp, & 
b.(1).(4) DES Prop we expr (v +m) = (u exp, v) X (uw exp, w) (4) 
#18615. F:aCRIV.D. exp, (a Xv) =(m exp,v) exp, a 
Dem. 

b. #186111. #184111.) 
Fie(uv,aeN,R).. wexp,(oXv)=A. (wexp,r) exp, o =A (e9) 
+. #186713. *18413.3 ; 
bip=Nyr'P.v=Nor'Q.o=No'R.D. wexp, (a Xv) = Nr( PP?) (2) 
+ .#17657.Dh:Hp.Hp(2).3.Nr(P®*2) = Nr( PF 


[*18613] = (NaP) exp, (Nyr“Q)} exp, (Nar'R) 
[Hp] = (wexprv) exp, + (3) 
F.(2).(3) «#1552. 

FipyoeN Roa CRI. 3D. wexp, (a Xv) = (u exp, v) exp, (4) 


F.(1).(4). 96, Prop 
#1862. t:yeN,R.3.0,exp,~=0,.mexp,0,=0, [#176151] 
#18621. +. pexp,2,=uXp 
Dem. 
b. x186111 #184111. Db rpveNR.D.pexpp2,=A.pxXw=A (1) 
b.#18613.#1761. D6 :u=NortP.oty.d. 
exp, 2, = Nr‘Prod‘P 4 He Ly) 


[¥150°71] = Nr‘Prod‘{(P 4 a) l(P Ly} 
[¥173°24.%165-211.Transp] = Nr‘{(P 4 a) x(P Ly} 

[#165-251.«166-23] =Nr(P x P) 

[x18413] =pXp (2) 
b(2).*155°2 24241. Db: yeN,.R.D.pexp,2,=pX pe (8) 


F.(1).(3). DF. Prop 
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#18622, |. aexp,(8+1)=(aexp,8) xa 
Dem. 
bF. 1867111 . *181-4.5 
k:n(a,B8eNR).D.acexp,(6+1)=A.(aexp,8)Xa=A (1) 
F. *186°13 . #18122. 
Fra=No'P.@=Nyr'Q.D.aexp,(84+1)=Nr{Pexp(Q-2z)}. 
(aexp, 8) Xa=Nr(PexpQ)xXNr‘P (2) 

. (2). #176151 . *166:13 .3 
: Hp(2).P=A.5.aexp,(6+1) =0,. (aexp, 8) Xa=0, (3) 
»4165°2 . 161-4. #1761. (x181-01).3 
.Nr(Pexp(Q-2)} =NrProd {PL} |ASGQ PPL (ACP) Lea}] (4) 
»#*165°221-222 . #181-11 . *162'22.5 
LHEP.D- Pf (An OP) | va} weOP 15 | AS8Q. 

oP 4 {(A a CP) | ua} a O8SSP ti LASsIQ=A (5) 
+. (4) .(5) #16521 4173-25. bgt P.D. 

Nr‘{P exp (Q-+4)} = Nr[(ProdP {3 | AsiiQ) x P| (An OP) | u'a}] 
[181°12.6165:251 #1 76'1-22.4184-13] = Nr(P exp Q) xX Nr“P (6) 
F.(2).(6). Db: Hp(2).q!P.>.aexp,(6+1)=(aexp, 6) Xa (7) 
F.(1).(8).(7). DF. Prop 
#18623. +.aexp,(i¢+8)=aX(aexp,@) [Proof as in ¥186-22] 

#1863. fs. Multax.: Pe RePexel a Nr‘R. CPC Nr‘... 
IINr‘P =(Nr‘P)exp-(Nr‘S) [4185°29] 
#18631. +:.Multax.dip,veNR—vA.PeRePexclny.CiP Cv. >. 
TINr‘P=pexp,v [*186-3] 
#1864, +. Nr‘P,,=2,exp,(Nr‘P) [#17713] 
#1865. bi y,veN.R.v+0,.3. 0% (p exp, v) = (CM po” 
Dem. 
b.#152°7.*18613.3+:~=NyP.v=N yr Q.D. 
C*(u exp, vy) = NefC(PexpQ) (1) 
b.(1). #17614. 3+: Hp(1).v+0,.. Ow exp, v) = Ne“{(C*P) exp (0*Q)} 
[#116222] = (Nyt C*PyNeiere 
[#155°6] = (CN, rP)o“Nor'e 
(Hp] = (Cp): D+. Prop 
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PART V 


SERIES 


SUMMARY OF PART V 


A RELATION is said to be serial, or to generate a series, when it possesses 
three different properties, namely (1) being contained in diversity, (2) transi- 
tiveness, (3) connexity, i.e. the property that the relation or its converse 
holds between any two different members of its field. Thus P is a serial 
relation if (1) PG J, (2) P?G P, (8)a,yeC'P .a+y.Iz,y:ePy.v.yPx. The 
third characteristic, that of connexity, may be written more shortly 


> < 
ceOP.D,.Paevi'au Pa= OP, 


had 
te. 2eOP.3,.Pin=CP, 
using the notation of #97; and this, in virtue of *97'23, is equivalent to 
2 
PUCtP e0vul. 


In virtue of *50°47, the first two characteristics are equivalent to 
PaAP=A.PGP, 


v 
When PAP=A, we say that P is “asymmetrical.” Thus serial relations are 
such as are asymmetrical, transitive, and connected, 


It might be thought that a serial relation need not be contained in 
diversity, since we commonly speak of series in which there are repetitions, 
i.e. in which an earlier term is identical with a later term. Thus, e.g. 

a,b,c,a,¢ f,b, gh 
would be called a series of letters, although the letters a and 6 recur. But in 
all such cases, there is some means (in the above case, position in space) by 
which one occurrence of a given term is distinguished from another occurrence, 
and this will be found to mean that there is some other series (in the above 
case, the series of positions in a line) free from repetitions, with which our 
pseudo-series has a one-many correlation. Thus, in the above instance, we 
have a series of nine positions, which we may call 

1, 2, 3, 4, 5, 6 7, 8, 9, 
which form a true series without repetitions; we have a one-many relation, 
that of occupying these positions, by means of which we distinguish occur- 
rences of a, the first occurrence being a as the correlate of 1, the second being 
a as the correlate of 4. All series in which there are repetitions (which we 
may call pseudo-series) are thus obtained by correlation with true series, 
z.e. with series in which there is no repetition. That is to say, a pseudo-series 
has as its generating relation a relation of the form S3P, where P is a serial 
relation, and S is a one-many relation whose converse domain contains the 
field of P. Thus what we may call self-subsistent series must be series without 
repetitions, ze. series whose generating relations are contained in diversity. 
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For our purposes, there is no use in distinguishing a series from its 
generating relation. A series is not a class, since it has a definite order, 
while a class has no order, but is capable of many orders (unless it contains 
only one term or none). The generating relation determines the order, and 
also the class of terms ordered, since this class is the field of the generating 
relation. Hence the generating relation completely determines the series, 
and may, for all mathematical purposes, be taken to be the series. 


When P is transitive, we have 
Pyo=P.Py=PolP CP. 
Hence all the propositions of Part II, Section E become greatly simplified 
when applied to series. 


Also, since the field of a connected relation consists of a single family, a 
series has one first term or none, and one last term or none. 


In the case of a serial relation P, the relation P, (defined in *121-02) 
becomes P+ P?, i.e. the relation “immediately preceding.” In a discrete 
series, the terms in general immediately precede other terms. A compact 
series, on the contrary, is defined as one in which there are terms between 
any two: in such a series, Pak 


It very frequently occurs that we wish to consider the relations of various 
series which are all contained in some one series; for example, we may wish 
to consider various series of real numbers, all arranged in order of magnitude. 
In such a case, if P is the series in which all the others are contained, and 
a, 8, y,... are the fields of the contained series, the contained series them- 
selves are Pha, P} 8, PE y,..... Thus when series are given as contained 
in a given series, they are completely determined by their fields. 


In what follows, Section A deals with the elementary properties of series, 
including maximum and minimum points, sequent points and limits. 


Section B will deal with the theory of segments and kindred topics; in 
this section we shall define “ Dedekindian” series, and shall prove the important 
proposition that the series of segments of a series is always Dedekindian, 
ie. that every class of segments has either a maximum or a limit. 


Section C, which stands outside the main developments of the book, is 
concerned with convergence and the limits of functions and the definition of 
a continuous function. Its purpose is to show how these notions can be 
expressed, and many of their properties established, in a much more general 
way than is usually done, and without assuming that the arguments or values 
of the functions concerned are either numerical or numerically measurable. 


Section D will deal with “well-ordered” series, z.e. series in which every 
class containing members of the field has a first term. The properties of 
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well-ordered series are many and important; most of them depend upon the 
fact that an extended variety of mathematical induction is possible in dealing 
with well-ordered series. The term “ordinal number” is confined by usage 
to the relation-number of a well-ordered series; ordinal numbers will also be 
considered in our fourth section. 


Section E will deal with finite and infinite. We shall show that the 
distinction between “inductive” and “non-reflexive” does not arise in well- 
ordered series. 


Section F will deal with “compact” series, i.e. series in which there is a 
term between any two, te. in which P?=P. In particular we shall consider 
“rational” series (7.e. series like the series of rationals in order of magnitude) 
and continuous series (i.e. series like the series of real numbers in order of 
magnitude). Our treatment of this subject will follow Cantor closely. 


32-2 


SECTION A 


GENERAL THEORY OF SERIES 


Summary of Section A. 


In the present section, we shall be concerned with the properties common 
to all series. Such properties, for the most part, are very simple, and present 
no difficulties of any kind. Many of the properties of series do not require 
all the three characteristics by which serial relations are defined, but only 
one or two of these properties: we therefore begin with numbers in which, 
though the properties proved derive their chief importance from their 
applicability to series, the hypotheses are only that the relations in question 
have one or two of the properties of serial relations. Thence we proceed to 
the most elementary properties peculiar to series, and thence to the theory 
of minimum and maximum members of classes contained in a series, and of 
the successors and limits of classes. We then proceed to the correlation ofa 
series with part of itself. The ground covered is familiar, and the difficulties 
encountered are less than in most previous sections. 


It will be observed that where series are concerned, if « is an existent 

— =~ 
class contained in C‘P, p‘P ‘a is correlative to P‘‘a (which is s‘P‘‘a): Pa 
is “predecessors of some a,” and p‘P*‘a is “successors of all a's.” Ifa is an 


existent class contained in C*P, the whole of C‘P, with the exception of the 
last term of a (if there is such a term), belongs to one or other of the classes 


P*‘a, p‘Pa, of which the first wholly precedes the second. The division 
of C*P into these two classes is the Dedekind “cut” defined by a. But 


when only part of a is contained in CP, we must replace piPHa by 
— — 
p‘P\(a a C*P), since p‘Pa= A if a has any member not belonging to C*P, 
Again, if an (‘P= A, we have p'P"(an (‘P)=V. But what we want is 
the complement to P‘a, which in this case is null. Hence we must replace 
< e 
pPManOP) by OPap'P“(anCP): this is C‘P when PMa=A, ve. 
e_ 
when an(*P= A. In any other event it is equal to p‘P“(anC*P). If a 
is contained in C*P and is not null, OP ap Pan OP) = pi Pa, Thus 
the Dedekind “cut” defined by a class a, whether or not this class is 
contained in whole or part in C*P, is always the two classes 
Pa, OP a p'P(an OP). 
Throughout the elementary propositions of this section, we have been 
careful to avoid stronger hypotheses than are required: we have not assumed 
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P to be serial, if our conclusion would follow (e.g.) from the hypothesis that 
P is transitive and connected. It will be found that many properties of 
series depend upon the fact that, if 2, y are two different terms of a series P, 
then 2Py.=.~(yPx) (*2048), Here the implication #Py.3.~(yPz) 


requires that P should be asymmetrical, i.e. that we should have PA Pa A 
or P?GJ. The implication ~(yPx2).3.aPy requires that P should be 
connected. Thus the hypothesis required is not that P should be serial, but 
that P should be connected and asymmetrical (*202'5). 

Again, consider the proposition that if P is a series, P,=P+P* This 
relation P, is the very useful relation “immediately preceding”; thus the 
above proposition is important, as is the further proposition that if P is a 
series, P, is a one-one relation. It will be remembered that (by *121) 
“eP,y” means that P(x y) consists of two terms. It was shown in 
¥121:304'305 that if P,, is contained in diversity, “«P,y” implies “«Py,” 
and is equivalent to the statement that 2 and y constitute the whole interval 
P(atiy) and are not identical. Also by *121:254, P,=(P,.). It is evident 
that, if P,, is contained in diversity, and «P,y, we cannot have #P*y, because 
there is no term other than w and y in the interval P (x+y), and we cannot 
have Px or yPy. Hence if P,,GJ, we have P,G+P* Hence by what 
was said above (*121-305), if P,,GJ, we shall have P,G P+P* On the 
other hand, if P is transitive, we have P+P?G@ P, (¥201°61). Combining 
these two facts, and remembering that if P is transitive, P= P,, (*201°18), 
we find that P,= P+ P* if P is transitive and contained in diversity, We 
find further (*#202°7) that if P is connected, P+P? is one-one. Hence we 
need the full hypothesis that P is a series in order to prove that P, is a 
one-one (*204°7). This is a good example of the way in which the various 
separate characteristics that make up the definition of series are relevant in 
proving the properties of series. 


*200. RELATIONS CONTAINED IN DIVERSITY 


Summary of *200. 


Some of the propositions of this number are repetitions or immediate 
consequences of previous propositions, especially those of the propositions 
of *50 which deal with diversity. But we are chiefly concerned here with 
propositions which will be useful in the theory of series; this leads us to 


introduce propositions on piPa and on matters connected with relation- 
arithmetic and other topics. It will be seen that “P*GJ” (te. “P is 
asymmetrical”) is an important hypothesis, as is also P,, GJ, of the use of 
which we have already had examples in #96 and *121. 


The following are among the most useful propositions in this number: 
#20012. |: PeRI.3.0°’Prel 


This is the proposition which makes it impossible to define an ordinal 
number 1 which shall take its place among relation-numbers applicable to 
series. 


«20035. ':PGJ.ae1.3.Pha=A 
This is a consequence of *200°12. 
#20036. +: P?EJ.5.PGT 
> < - o> 
#200361. fF: PGJ.9.Pian(vav Pay=A. Plan(Paeulay=A 
Ie. if P?'€ J, no term precedes itself or any of its predecessors, and no term 
succeeds itself or any of its successors. 


420038. }:P,,GJ.3.P,=Pyad 
#20089, t:P,,GJ.2e('P.d. Pyfan Py'n =x 


We then have a collection of propositions concerned with relation- 
arithmetic. 


#200211. §: PE J. PsmorQ.3.QG/ 


Le. the property of being contained in diversity is invariant for likeness- 
transformations; 


#2004. b:PHQeRIS.=.P,QeRI.CPaCQ=A 
#20041. b:PpaGJ.s.04qPCJ.s.PGJ.aneOP 
and other such propositions. 


‘ye . ben <— 
We then have a set of propositions concerned with p‘Pa and p‘P a. 
The most important are 
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#2005. bt PGJ.D.anpP amd anpP tanh 

420052, bz P@J.3.0P we PUP 

420058. br °C... Pan pPia= A. Man phPtam A 


Le. if P is asymmetrical, the terms which precede part of a do not succeed 
the whole of @, and vice versa. 


x20011. f:PeRiK.=.PeRVMJ [45023] 
#20012, :PeRIMS.3.0'P wel 


Dem. 
b. e501] £48317 .5+:.Hp:ePy.v.yPa:d.yta.ye OP (1) 
F.(1).*33:132. Dt:Hp.I:veO'P.D.(qy)-yu-ye OP: 
[*52°181] 3:0°P wels. D+. Prop 
#2002, +: Telw1l.3.TPAD=TiIPAT 

Dem. 
b.#1504.5:.Hp. 3: 

a{TiPaJ)y.=-(qz,w).c=T.y=Tw.2zPw.ztw. 

[*71°56] =.(qz,w).c+y.0=T%.y=Tw.zPw. 
[*150-4] =.2{TPAJ}y:.3+. Prop 
#20021. b:TeCl—731.PEJ.9.T)PES 

Dem. 
b.*150°1.#5024.9+:.Hp.d:2(TiP)y..(qz,w).eTz.yTw.z+w. 
(*71:171.Transp]} D.a+y:. D+. Prop 


#200211. k: PGJ.PsmorQ.3.QEJ [*200-21. ¥151°1] 


The properties of relations are very frequently common to all relations 
which are like a given relation, and this applies specially to the kinds of 
properties with which we are most concerned. The above proposition is an 
illustration of this fact: it shows that the property of being contained in 
diversity is invariant for likeness-transformations. 


#20022. +:PGJ.=.Ne‘PCRIV.=.qINor' Po RS 


Dem. +.*155°11.*200211.3+:PEJ.3.NirfP CRI (1) 
b.*15512. DtE:NrfPCRIJ.3.PET (2) 
b.*15512. DE: PGJ.D.q!NgiP a BIS (3) 


b.#155°11.*200°211 .3b:qg!tNugr'PaRIV.>.PGS (4) 
+. (1). (2). (8).(4)- DF. Prop 
We have, without the need of typical definiteness, 
fk: PGJ.I.NY“PCRIT 
and keg iINr'PaRi.3.PCJ, 
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both of which are immediate consequences of *200°211. The converse 
implications, however, fail if Nr‘P is taken in a type in which Nr‘P = A. 


#2008, F. Ae RIS [*25:12] 
#20031. Fiaty.=.e)yeRlt [*55°3] 
#20032. kiaf PEJ.=.anB=A [50°55] 
#200338. -+:PGJ.3.PLaGJ [#35442] 
#20034. +: PDaGJ.=.PhaGJ.=.a{PGJ [50-58] 
*20035. t:PGJ.ae1.>.Pha=A 
Dem. 
b.452°16.3b:.Hp.d:a, yea. 3,4. ~ (ay). 
[*23°81] Ds,y» ~~ (@Py): 
[#11521] D: (ay). ~ {2, yea. ePy}:. +. Prop 


#20036. -:P?EJ.3.PGJS [%5045] 


> < <- > 
#200361. |: P?G J.D. Plan (au Playa A. Plan(Pavuiay=A 
Dem. 


a 
be «5115. Dhiye Plan te.3.2Px (1) 
.*200°36. Dt: Hp.d.~ (Pz). 
a 
[(1).Transp] 9. Paanie=A (2) 
> & 
b. «3411. DhigiPian Pia. =. 0Pe (3) 
> 
+ .(8). Transp. +: Hp.>. Pian Pio A (4) 
> 
F.(2).(4). DE: Hp.d. Pen (fen Prod (5) 
> 
Similarly b:Hp.d. Pian (Pie vile)=A (6) 


F.(5).(6). +. Prop 
#200°37. b:q!Pot‘PaRIJ.3.PES 


Dem. 
F 101313. > 
bnaPe:Se Pot'P.a8a.D5.0(8|P)a:3:Qe Pot'P .d9-2Qe qd) 
b.*3°2. DbiaPa.dia8Se.D.08e.0Px. 
[*841] D.2(S|P)x (2) 
F.(1).(2). Dkr wPe.3:QePot'P.d9.2Qz. 
[50-24] De.~(QEI) (3) 
+. (3). Transp. >t: (qQ). Qe Pot*P.QES.3.~ («Px). 
[#50°24] D>.PGJ:5+. Prop 


#20038. f:P,.GJ.3. Pi =PyAd [x91541] 
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= = ~ 
#200881. Fi P,, CT .3. Byafon Pyic =A. Ppa to Py't = A 


Dem. 
F.#91°56.3+:Hp.d.P,2¢/. 
{*200°361] >) Biota a We v P, oe = =A. Pe “on (P,.¢e viey=A. 
> 
[#91°54] 2. Py faa pee A. Fr Pay Puce AiDE. Prop 
*20039. +: P,,.€J.ceO'P.d. Pylon Pfam ua 
Dem. 
> & > - : 
b. #9154. Dt: Hp.d. Pyfan Pyfa=(P, 6a v Ux) a (Pao Sa v fe) 
e 
[*22°69] = (Poof 0 Py ft) ¥ Ua ql) 
~ - 
b. «9156. DeeyePyofen Proll. ID. yPoy (2) 
e 
F.(2). Transp. +:Hp.3.P,,fan P, =A (3) 
F.(1).(8).D. Prop 


>. > >, 

#200391. +: P,.GJ.3. PyiPsmor P. Pyf CP (Py P) smor P 

Dem. 

od > 

F.x9012. DF: Hp.2, ye CP. Pyia= Py'y.d.2Pyy.yPyo. 
[{*200'39] Dia=y qd) 
F. (1). #15124. 34+. Prop 

The above proposition is tiseful in the theory of segments. 


The following propositions are concerned with the ideas of relation- 
arithmetic. Analogous propositions will be proved for transitiveness and 
connection in *201 and *202, whence analogous propositions concerning series 
will be deduced in #204, 


#2004 F:PHOcRI.=.P,QeRIV.CoPaCQ=A 
Dem. 
+ .*23°59 . #160°1.5 
b:PAQeRIS.=.P,QeRIS. OP TOQES. 
[¥200'32] =.P,QeRM.O'Pa C'Q= A: Db. Prop 
This proposition is part of the proof that the sum of two mutually 
exclusive series is a series. 


«20041. F:PeGJ.=.0¢PCJ.5.PGJ.a~eO'P [*23°59.%20032] 


#20042. F:3°PGJ.=.CPCRIV.FIPGJ 
Dem. 
b.423'59 #1621. DF: SSP CF =. HOPECT.FIPGI. 
{*61:52] =.OCPCRIV.F>PGJ:3+.Prop 
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The following propositions (#200°421'422°423) are lemmas for *204'53. 


#200421. F: Pe Rel?excl. PEJ.QeO°P.3.Q=(E'P)P CQ 
Dem. 
F. «16311. #16218.5b::Hp.ds2f{( Py CQy.=: 
(qk). ReCP.a2,yeCQ-cRy.R=Q.v. 
(qR,S).RPS.2,yeCQ.ceOR. yeOS.R=Q.8=Q: 
(*13°195°22] =:aQy.v.QPQ.2,yeC'Q: 
[450°24.Hp] =:2Qy::3+. Prop 


4200422. F: EP EI.D.PL(-v A) GI 


Will 


Dem. 
b.*162:13 .*50°'24. Fi: Hp.3:.QPR.DireCQ.yeOR.D.2+y: 
[#2437] 2:0CQnCR=A: 
[#24°57] I:G!Q-3.CQ4CR. 
[*30°37] 3.Q+Ridt. Prop 


#200423. F:. PeRelexcl. An eC(P.3:25PEJ.=.PET.CPCRIVT 
Dem. 


+ .4200422-42. Dbh:Hp.SPES.3.PCJ.OPCRIV qd) 
b.¥61'52. DE:COPCRIV.3.8OP ET (2) 
b . #16312. #20021.3+:Hp.PGJ.>.FRIPCS (8) 
F.(2).(3). #1621. Db: Hp.PGJ.OPCRIS.3.5P ES (4) 


F.(1).(4). D4. Prop 
#20043. 1: PGJ.3.1P= 


pom, ER ab Be RAO? (0) (EQ) Q (HO) ME PHQ = NT PQ) 
em. 
b.x471.41721.5+:Hp.3- 
1P=MN {M, Ne Fa'C'P :. (qQ): (MQ) Q(N'"Q): RPQ. D2. MR = NR} 
[35°71.71°35] 
A > ~~ 
= 0 \M,N eFsOP: (4 Q) « (LQ) Q (NVQ). ME P‘Q= NP PQ}. DF. Prop 
The following propositions, with the exception of *200-52, are concerned 


> <— 
with p‘P*‘a and p‘P a, i.e. the class of terms preceding (or succeeding) the 
whole of a. 


> e 
«2005. F:PGJ.3.anpiP “aH .anpeP aan 
> 
Dem. +.#4051. 3b ceanp'P"a.D:avearyeasDy.aPy: 


[10:26] D:aPa: 

[*50°24] Ddin(P EJ) (1) 
F.(1). Transp. 3: Hp. D.anp Pan d (2) 
Similarly F:Hp.D.a np PMa= A (3) 


F.(2).(8). D+. Prop 
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420061, bi PEI. 9! P.D. pt POOP aA. p'PHOP =A 
Dem. + .*4062.3t:Hp.d.p'PHOP COP. 


[#22-621] >. p PUP = OP np PHP 
[*200°5] =A (1) 
Similarly +s Hp.d.pPceP =A (2) 


F.(1).(2). DF. Prop 
#20052, F: PGS... 0° Pwe POOP 
Dem, +. #5024. 3h: Hp.DdiveOP.d,.0ve Pin. 


[13-14] Dd, OP + Pent 
> 
{*37'7. Transp] 3: C'Pwre POOP 1. 3+. Prop 


This proposition is often used in the theory of well-ordered series. 


#20053. bi PGJ.2. P\anp'P and. Pan pP aah 
Dem. ge 
Fb. #871. #4053. Db. ce Phan pPMa.ds (Gy). yea.2Py: yea. Dy.yPa: 


[*10°56] Di(qy).ePy.yPx: 

[#345] JiaPa: 

[5024] Din(P?GJ) (1) 
F.(1). Transp. Dt: Hp.d.(a).ave Ptanp Pa (2) 
Similarly F:Hp.3.(@). ave Pha np'Pa (3) 


F.(2).(3). 94. Prop 
The above proposition is frequently used. If @ is an existent class con- 


ee 

tained in C‘P, Pa and p‘P“‘a are the two parts of the Dedekind “cut” 
determined by a (excluding the maximum of a, if any). The above pro- 
position shows that these two parts are mutually exclusive. 


> - > & 
#20054. b: PGS. GIP. Dp POP np Pa} =p Pp Pa 
<— < 


Dem. +.*4062.Dbiqgha.d.0SPap'Pa=p'P “a ¢5) 
e 
b.nd02. Dhia=A.d.p'Pa=V. (2) 
> & > 
[4016] >. p' Pp Pa Cp PHP (3) 
> e& 
eae alee Nt ae doa (4) 
F.(2).42426. Dk:a=A.d.C Pap P a=C'P (5) 


> &- 
t.(5).*20051.5b: Hp.a=A.d.p'P“|( CP a pPay=A (6) 
F. (1). (4). (6). DF. Prop 
This proposition is a lemma whose purpose is to avoid the necessity of 
introducing the hypothesis q!a in proofs in which it is not really necessary. 
The first use of this proposition oceurs in *206°551. 


«201. TRANSITIVE RELATIONS 


Summary of «201. 
There are two main varieties of transitive relations, namely those that 


are symmetrical (P= P), and those that are asymmetrical (PA P=A). 
Transitive symmetrical relations have the formal properties of equality; 
examples of such relations have occurred above, eg. identity, similarity, and 
likeness. The propositions of the present number, however, are rather such 
as will be useful in connection with transitive asymmetrical relations, since 
they are intended to be applied to series. 


We denote the class of transitive relations by “trans”; thus 


trans = B (P-GP) Df 

Many propositions of this number are analogous to propositions whose 
numbers have the same decimal part in *200. Such are: If P is transitive, 
so is its converse (*201'11), and so is any relation which is like P(*201'211); 
A and «| y are transitive (*201'3'31); if P is transitive, so is P[ a (*201°33). 
The propositions *201:4—-42, which deal with the ideas of relation-arithmetic, 
are also analogous to *200°4—'42. 

Most of the other propositions of this number, however, have no analogues 
in #200. Among the most important of these are the following: 


> = 

«20114. +: Petrans.cPy.3. P(r Pry 
#20115. |. Rye trans 
«201-18. F:P?EP.3.P,=P.Py=PolTP OP 

This proposition is very important, since it effects an immense simplifica- 
tion in the use of all propositions involving P,, or Py, when these propositions 
are to be applied to transitive relations. Owing to the above proposition, 
P,. drops out where transitive relations are concerned. Py, on the other 
hand, remains useful: if yeC*P, “aPyy” will mean “x precedes or is y,” 
which, if P generates a series of which « and y are members, is equivalent to 
“g does not follow y.” 


We have a series of propositions (#201°5—'56) on Pa and p'PMa, The 
chief of these are 
#2015. +: Petrans. >. P“P “ac Pg 


#201501. F: P etrans.>. P“Pir C Pea 


_ These two propositions express the fact that a predecessor of a predecessor 
is a predecessor. 
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#20152. +: Petrans. >. Pya= PMav(an CP) 


Thus if aCO*P, Py“ consists of a together with the predecessors of its 
members. 


=> => 
#201521. b: Petrans.ceO'P.D. Pyix= Pia vite 
#20155. +: Petrans.3. P “(au Pa) = Pa 


We have next a set of important propositions on P+ P? and P,. The 
chief are 


#20163, +: Petransn RIV.3.P,=P+P 
#20165. /:.Petransa RIJ.3:P,=-A.=.P!=P 
On these two propositions, see the notes appended to them below. 


#20101. trans=P(P!GP) Df 
#2011. +: Petrans.=.P?GP {(*201°01)] 
#20111. +: Petrans.=. P e trans 
Dem. 
b.*201-1.431'4. 3: Petrans.=.CnviP?GP. 
(#84-63.%201°1] . Petrans: D+. Prop 
420112, t:.Petrans.2:PCJ.5.PGJ.5.PAP=A [%5047] 
In virtue of this proposition, being contained in diversity is equivalent 
(where transitive relations are concerned) to asymmetry. This is not in 


general the case with relations which are not transitive; thus eg. diversity 
itself is contained in diversity, but is symmetrical. 


#20113. +. RI‘7C trans 


WW 


Dem. 
b.43434. DF: REI.D.RER I. 
[50°4] 3.R@CR:5+. Prop 
> 2 
#20114. |: Petrans.2Py.3. Pee C Ply 
Dem. 
F.*2011.3+:Hp.2Pr.>.2Py qd) 


F.(1).*32°18.35. Prop 
The following propositions (#201°15—'19) are concerned with Ry and R,,. 
#20115. +.Ryetrans [90°17] 
#20116. +. R,¢trans [91°56] 


This proposition is important, since it often happens that a series is given 
as defined by a one-one relation A, as in *122 for example, and in such cases 
Ryo is a serial relation in our present sense. By the above proposition, R,, 
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is always transitive; by *96421, R,, is connected when confined to the 
posterity of a given term, provided ReCls—+1; by «9623, if Re1—+Cls 
and «BR, R,, is contained in diversity throughout the posterity of z. Thus 
if R is a one-one, R,, confined to any family which has a beginning will be 
a serial relation. 


#20117. b:P?€P.QePot'P.3.QEP 


Dem. +.#3434.3h:.Hp.3:SGP.3,.8|PEP q) 
SGP 
F xOLd71 «2 
bs. QePot'P:S€P.3;.S|PGP:PGP:3.QEP (2) 


F.(1).(2).#23-42. 4. Prop 
«20118. -:P?GP.D.P,,=P.Py=PulfTCP 
Dem. +. #20117 . 41-151. (491-05). +:Hp.>.P,,€P (a) 
F. (1) «91-502. Dr:Hp.d.P,=P (2) 
b. (2). #9154. DF. Prop 
This proposition is important, since it simplifies all propositions con- 
cerning P,, and Py in case P is transitive. The following proposition is an 
instance of this simplification. 7 
< > 
«20119. +: Petrans.>.P(e@—y)= Plan Ply [201-18 . (#121-01)] 


The following propositions (#201°2—'22) are concerned in proving that 
transitiveness is unaffected by likeness-transformations, and therefore belongs 
to every member of a relation-number or to none. 


#2012. Fr SeCls 91. QCAS.D.(SIQ' = SIE! 
Dem. +.#150-1. D+ .($3Q)'=S8/QIS|S/Q|S (1) 
F.*72601.+:Hp.>.Q|8|S=Q (2) 
F.(1).(2). DF: Hp. >.(83Q?=S] QS: Dk. Prop 


#201201. F:SeCls1.DQCA9.9.(SQP= HQ 
[Proof as in *201-2] 


#20121. +: SeCls1. Qetrans.>.SiQetrans 


Dem. +. *150°36 . 35-452. D+. S3Q= S3QE AS ra) 
b. (1). 201-2. DF: Hp.d.(SiQ¥=SHQT Assy. 
[4150°31.*201-1] >. (S3Q¥E SIQ: DF. Prop 


#201211. + : Pe trans. Qsmor P.D.Qe trans [20121 . 151-1] 


; This shows that transitiveness is a property which is unchanged by 
likeness-transformations. Hence 


#201212. F: Petrans.3.Nr‘PCtrans [*201-211] 
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#20122. +: Petrans.=.N yrPC trans. =.q! No‘P n trans 
[Proof as in *200-22] 


#2013. +. Aetrans 
Dem. +.*3432, Db.At=A | qd) 
+. (1). 423-42. 3+. A?GA.3+. Prop 


#20131. .a] ye trans 
Dem, F.x55138. Db ie(@elyw.s.(qu).2=2.usy.u=2.way, 
[#10°35] D.2=2.w=y. 
[*55°13] d.z(a@]Lywidtk. Prop 


Unless c=y, (cL y=A. A relation whose square is A is transitive, 
because A is contained in every relation. 


#*201:32. F.af Be trans 
Dem. |.*351038. DF: x(af BP 2z.=.(qy)-vea.yeB.yea.zep. 


{#10°35] D.vea.zeR. 
[*35°103] D.a(af B)z:Db. Prop 


#20138, +: Petrans.3.P[ ae trans 
Dem. |.*8613.3h:a(Pha)z.=.(qy).2,y,zea.cPy.yPz (1) 
F.(1). Dk: Hp.d:a(PLayz.3.(qy).2,y,2ea.2Pz. 
[10°35.*36°13] >.«2(Poa)z:.34+. Prop 


The following propositions (*201°4—"42) are concerned with the ideas of 
relation-arithmetic. 


#2014. +: P,Qetrans.CoPaCQ=A.3.P#Q¢ trans 

Dem. 
F. #16051. 3+: Hp.d.(P#OV= Pu PuDPTtCQuCPFTAQ (1) 
F.x2011. Dk: Hp.d.P?ECP.GEQ (2) 
bf. #85°43282. DE.DIPTCQCCPTCQ.CPTAQECPTCQ (3) 
F.(1).(2).(8). DF: Hp. 3.(PFOPE Pu Qu CP F CQ: SF. Prop 


#201-401. Fs. CSPa CQ=A.9:PHQetrans.=. P, Qe trans 
Dem. 


F.*160°51.5 
F:.Hp.3:PAQetrans.=. Po GVuDPtCQuePTage P4#Q. 
[1601] =.PeQ@ePhg. 

[#160°5] d. (Pv QLOPeP.(Pv@pogeg. 
[36-4.434'56] >. PEP.GEQ a) 


F.(1).*201-4. D+. Prop 
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#20141. bi.aneO'P.3:Petrans.=.P+xetrans.2.02¢ Pe trans 
Dem. 
2484301. 4:Hp.d. (CP fila)|P=A. 


[161-1] D.(Ppayl= Pv (CP fp ulaPo Pl(CP fe) 
[35-881] =Pa(COP fife w (DP fa) 
[x35'895] = Pia(D'P tn) (1) 


b.(1).*2011.5 
bi. Hp.3:(P2)etrans.=.P?u(D'P ffx) € Pu (CP fF uta). 


[*35°432°82] =. PCP u(COP fifa) (2) 
b .#33°33 . 3456 .435°36.3+:Hp.d. PAP Puey=A (3) 
F.(2).(8).*2549.3b:.Hp.3: P+ cretrans.=.P?E€P. 

{#201:1) =.Petrans (4) 
Similarly Fk: Hp.d:a¢ Petrans.=. Pe trans (5) 


+. (4). (5). F. Prop 
#201411. Fizta.zty.d.a)ytozetrans [%201:41°31] 
#20142. +: Petransn Rel? excl. C‘PC trans. >. 2‘P trans 


Dem. 
b.x*l621.5 
b. (SP) =(s0'P) w (FIP) © (&CP) | (PSP) w (FSP) | (OP) (1) 
baat dl. Db: 2 (COPY 2. =.(qQ,R,y).Q,ReCOP.aQy.yRz. 
(¥38317] =.(qQ, Ry). Q,ReOP.aQy.yRz.qiCQanCR (2) 


F.(2). #16311. 
bt. Hp. D:0(#C'Py2.3.(qQ,R,y).Q,ReOP.xQy.yR:.Q=R. 


[#13-195] >.(qQ)- QeCP. oQ%. 
{¥201-1.Hp] >. (qQ). QeC'P. aQ. 

[41-11] D.a(#C'P)2z (3) 
+. #20121. #163-12.3+:Hp.d.(FIPYG FIP (4) 


Fe a341. 41°11. «15052 .5 
Fa (CP) |(F3P)z.3.(q9, B,S,y) -QeO'P.cQy.RPS.yeCRizeC"S (5) 
b. (5) #16311. 13-195. 
Fs. Hp. 3:2 (8O'P)| (FIP) 2.3. (qQ,5,y)-QeCP.aQy.QPS.2eCS. 
[#88-17.4150°52] D.2(FiP)z (6) 
Similarly +:.Hp.3:a(F3P)|(sO'P)z.3.0(FiP)z (7) 
F.(1).(3).(4).(6).(7).3 
F:Hp.>. (‘PY EsO'Pu FP: 5+. Prop 

The following propositions (#201'5—:56) are concerned with Pa and 
p‘P“a, i.e. with the predecessors of some part of a class and the predecessors 
of the whole of a class. 


#2015. +: Petrans.3.P“P aC Pia [*37°33'201] 
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201501. t: Petrans.>.P“PirC Pix [453301 . #2015] 
= 
#20151. /: Petrans.>. Py Prva Cp Pa 


Dem, 
F.437°1. 40°51. 3 bi we Pp Pa. ei(qy)izea.D,.yPz:aPy: 
[*5°31] 3 una 1D,.eP%z (1) 
F.(1).#2011. Shs. Hp. Dd: re PpiPa.d eS ER Oe EEE: 
[*40°51] Drarep'P Ma: It. Prop 


#20152. F: Petrans. >. PyMa= Pauv(an CP) [#91543 . #20118] 
4201-521. b: Petrans.2eO'P.>.Pyfe= Pious [¥201°52 .*53°301] 


420153, F: Pe trans. >. PyPa= Pa [4201°5°52 . 437-265] 
420154. fF: Petrans. >. Pyitp Pac p'Pe‘a [#201-51-52] 
#20155. +: Petrans.>.P“(au Pa) = Pia 
Dem. 
F.*2015. 2b: Hp.d. Pa = Pita uy POP eq 
[*37°22] =P “(au Pa): 3+. Prop 


The following proposition is a lemma which is used in *205°192 and 
#*206'24. 


*201°56. |: Petrans.@CP“a.>. 
Pau 8) = Pa. p'P{(a vu B)n OP} =p! P“(an OP) 


Dem. 
b.«8722. Db. P“(avB)=P au PB qd) 
b.«872. Dt:Hp.d.P“BC PKP a. 
{*201°5] 3.PMBC Pa (2) 
F.(1).(2). +: Hp. 3. P (au 8) =P a (8) 
+. #40°51 . #37°265..3 


e 
Fi:sHp.di.zep'P “(an CP). ceBnOP.d: 
yeanOP.dy.yPei(qy).yeanOP.xPy: 


[*10°56] D:(qy).2Py.yPe2: 

[*34°5.Hp] D:2Pz (4) 
b.(4) 40°51. Fs Hp. .p'P(an OP) Cp! PHB n OP). 

[422621] >. Pan OP) =p Pan OP) ap PB aCP) 
[*40°18.437-22) =p'P\(av B) a OP} (6) 
F.(8).(5). DF. Prop 


The following propositions, to the end of the number, are concerned with 
the relation P, defined in ¥121. We may regard P, as meaning “immediately 
precedes.” #201°6-61°62 are lemmas for *201°63. 

Ra&wit 33 
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#2016. Ff: Petrans.«(aPs).~(yPy).2Pyy.3.2(P+Pyy 
Dem. 
b .#121°32-242.3+:Hp.3.P(ery)= ie ulye Pia » 


[*201-19] Bieuityy Pa a Py qd) 
b.¥121321.420118. DF: Hp.d.aPy (2) 
b.(2) 1314, Dh:Hp.d.aty (8) 
b.(1). (8). #5453 .#12111.: Hp.d Pron Pycuoury (4) 
+. 432-1881. Db: Hp.> ave Pia ywe Py (5) 
F. (4). (5). Dh:Hp.d. Pan PyaA. 

[«3411] > .0(aP*y) (6) 


F.(2).(6). 34. Prop 


#20161. |: Petrans.3.P+P°CP, 
Dem. 
b . #121242 .*90'151.3h:2Py.3. EL rylatautg aie Y) (1) 


F.(1).*20119.3h:.Hp.d: alg 2 2. P(erty)=vevrtys Pen Py) (2) 


b.eB411 . Dkin(ePty).3. Pan Py= A (3) 

b 8454. DhiaPy.v(ePty).D.uey (4) 

b.(2).(8).(4). 36: Hp. :aPy.n(Py). 9. P (cry) =Uaevity.cty. 

[*54°101] D.P(ary)e2. 

(#121-11] 2.2P,yi. +. Prop 

#201'62. | :. Pe trans.~(aP2).~(yPy).3:2P,y.=.2(P+P*)y 
[201-661] 


#20163, b: Petransn RIV.3.P,=P+P* [20162] 


The above proposition is of fundamental importance. The relation P, 
(defined in *121) plays a great part in the theory of series. It is the relation 
“immediately preceding.” Its domain consists of those terms which have 
immediate successors; its converse domain, of those that have immediate 
predecessors, In well-ordered series, D‘P,=D‘P, while C‘P, consists of all 
terms (except the first) which do not belong to the first derivative (cf. #216). 
In any series, U‘P—(‘P, consists of all the terms which are limits of 
ascending series, and D‘P — D‘P, consists of all the terms which are limits of 
descending series. 


#20164. +: Petrans.3:P+P=A.=.P?=P 
Dem. iL 
F,*2341.3Db:Hp.d:P=P.=.PCP, 
[25:3] -P+P2=A:.3+. Prop 


#20165. /:.PetransaRIS.3:P,=A.=.P?=P (*2016463] 


oUt 
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When P is a series, P?= P is the condition for its being a compact series, 
t.e. one in which there are terms between any two. In virtue of #20165, 
this condition is equivalent to P,=A, which states that no term has an 
immediate predecessor. 


The following proposition is first used in #253°521. 


*201°66. 
Dem. 


#201'661. 
Dem. 


Fs Petrans. E! P‘x, Pex+a.D.(P‘x) Pie 


b. #201521 .*121-11.5 
bi. Hp.3: (Pi) Pe. =.(UPwu P'Pta) a(veuPe)e2 (1) 
+.*53'31.5+:Hp. >. 

< > e 
(hPfa2u P&P*2) a (Ue Pia) = (Pie PYP82x) 9 (Ua vf Pfe) 
[30°32,#22°68] =e ut Pe (2) 
b. #5426. Db: Hp.d. (iw ofPfx) 62 (3) 
F.(1).(2).(8). DF. Prop 
Fi Petrans.d‘Pel.q!D‘P-'P.3.0°PCA‘P, 


F.*33°151'4. *60°38 . > 

e e € 
b:Hp.yeD‘P—U‘P.3. Plyeliyre Ply. Ply =P. 
[*53°3] >. EL PYy y+ Py. uPy OP. 


[*201°66-'11.*121:26] D.yP, (Pry) ‘ UPty = d‘P:3+. Prop 


The above proposition is a lemma for the following. 


*201°662. 


=‘ 
bk: Petrans.q! BSP. q!G*P-O‘P,.>.d‘Prel 
[*201-661 . Transp} 


This proposition is first used in *253°521. 


33—2 


*202. CONNECTED RELATIONS 


Summary of #202. 

A relation is said to be connected when either it or its converse holds 
between any two different members of its field, i.e. when, if 2, yeC*P.a+y, 
we have #Py.v.yPx. Thus the field of a connected relation consists of a 
single family, anless the relation is null, in which case it has no families. 
Conversely, a relation which has one family or none is connected. Connection 
is necessary, in addition to transitiveness and asymmetry, in order that a 
relation may generate a single series. If A is a class of transitive or 
asymmetrical relations, sA is transitive or asymmetrical; but if A is a class 
of connected relations, é*% is not in general connected. Hence if A is a class 
of series, &A is not one series, but many detached series. This is one reason 
why the arithmetical sum of a relation of relations is not defined as sC*‘P, 
but as &O‘P w F3P (cf. #162), because the latter, but not in general the former, 
is connected when P and all the members of C‘P are connected (#202°42). 

When P is connected, if a is any class contained in C*P, we have 

a 
COP = Pavau (COP n pi P\a), 
and there is at most one member of a belonging neither to P‘‘a nor to 
e 
C'P a p‘P“a, This member of a, if it exists, is the maximum of a. If, 
further, P2?G J (ie. if P is asymmetrical), (Pfava)n(O'P npiP a= A. 
e 
Thus when P is both connected and asymmetrical, P‘‘a va and C'P n p‘P“‘a 
are each other's complements, and the two together constitute the Dedekind 
cut defined by a, P“ava being all the terms that do not follow the whole of 


a, and C‘P a p'P*a being all the terms that do follow the whole of a. 
More generally, if a is any class, not necessarily contained in C‘P, then 
when P is connected, we have 
C*P — Pan OP) C P\au (an CP), 
and when P is asymmetrical, we have 
Pau (an OP) COP — p'PHta, 
Thus when both conditions are fulfilled, we have (*202°508) 
oP ~p'P(a ACP) = Ptav(anC'P). 
The above inclusions and the consequent equality will be constantly 


required throughout what follows. The division of O*P into the two mutually 
exclusive parts 


P\au(an OP) and OP a p'P (an OP 
P ) 
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is the Dedekind “cut” defined by the class a. If aC O*P, the two parts 
become, as above mentioned, 
Pava and OfP a piP*a, 
If, further, « is not null, they become 
P“ava and pKa, 
If a is contained in C‘P and contains all its own predecessors, they become 
a and C*P n p'P*a. 
In this simplified form, Dedekind “cuts” will be considered later (#211). 
We take as our definition 
connex = P {weO'P «Dy Pre =C'P} Df. 
Some of the propositions of the present number are analogues of 
propositions in #200 and #201. Such are: If P is connected, so is 


P (¥202-11); if P is connected, so is any similar relation (#202211); A and 
«Jy are connected (*202'3°31); if P is connected, so is Pf a (*202'33); and 
various propositions connected with relation-arithmetic (*202'4—42). The 
majority of the propositions of this number, however, deal with properties 
peculiar to connexity. Among the most important of these are: 
> e 
#202101. F:. Peconnex.=iaeC'P.3,.Pieviiav Pa=C'P 
#*202'103. + :: Peconnex.=:.4,yeC'P.9,,:0Py.v.a=y.Vv.yPe 
These are merely alternative forms of the definition. 
#20213. f: Ry econnex.=.R,, econnex 
#2025. +:.Peconnex. ?CJ.2,yeO'P.dia¢y.~(wPy).=.yPx 
e 
#202501. t: Peconnex.3.C*P—a—P aC p'P “(an OP) 
e 
#202603. f : Peconnex. P?GJ.3.C'P —p'P(an C{P) =(an CP) v Pha 
e 
#202°505. +: Peconnex. 3. C'P = Pau (an OfP) vu {OP n p'P (an C'P)} 
a ee 
#20252. bk: Peconnex.>.B‘P,B'PeOul 
> = 
#202524. -: Peconnex.q!BSP.D.0'P=P'BP 


#20255. +: PP aeconnex.aCC’P .ave1.3.0°Pha=a 


In virtue of this proposition (and others) if P is a series and a is a class 
(not a unit class) contained in OP, Pf a is the generating relation of the 
series consisting of the class a in the order which it has in the series P. 


#2027. +:Peconnex.3.P+P%el—l 


This proposition is to be taken in connection with *201°63. The two 
together show that when P is a series, P, is one-one. 
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eo 
#20201. conner = B {xe C'P.3,.Pix=O'P} Df 
eo 
For the definition of Pz, see #97-01. 

o 
#2021. +: Peconnex.=:2eC'P.3,.P\%%=O'P [(*202°01)] 

2 < 
#202101. F:. Peconnex.=:2¢0'P.d,.Pievitau Pa =CP 

[#20271 . *97°1] 
eo 

#202102. f: Peconnex. =. P“C'Pe0vul [*97-231 . *202°101] 


#202°103. | :: Peconnex.=:.2,yeQP.3,yi2Py.veo=y.v.yPx 
[¥97-23 . ¥202'102] 


#202104. bs: Peconnex.=1.a,yeC’P. e+ y.DnytaPy.v.yPa 
[*202°108 . *5:6] 


#20211. +: Peconnex.=.Peconnex [#202°104 . *33°22] 


e 2 
#20212. b:.q!P.3:Peconnex.=. P“OfPel.=.POOP=UOP 
Dem. 


+ .%2021.35+: Peconnex.= PHP CuOP qd) 
b «87-45. bi Hp. Dig! POOP: 

(%54°102] ») SPUCtP we 0: 

[*202°102] 3: Peconnex, > PUP el (2) 
F . #202102. Pia :Puorp e1.3.Peconnex (3) 
F.(2).(8). Dh: Hp.d: Peconnex. =. P"O'P el (4) 
b.(1). (4). #5246. Dt:. Hp.3:Peconnex.> PUP = ucrP (5) 
F (1). 22°42. DF :Pacep =UO'P.D. Peconnex (6) 


F.(4). (5). (6). DF. Prop 

The following propositions, down to %*202°181 inclusive (excepting 
*202°16'161), are concerned with Ry and R,,. It often happens that these 
are connected when R is not so, e.g. if R is the relation +,1 among inductive 
cardinals. 


#20213. b: Ryeconnex.=.R,, econnex 


Dem. 
F.*202:104.9 
bs: Ryeconnex.=1.2,yeO'Ry aby. Dzy2tRyy Vi yRye: 
[*91-542] =i. yeC'Ry 2+ Ys In yitRyoy+V«YRyoh te 
[*90°14.491°504] = i. 2, y EO Ryy BEY» Dyyi @Ryoy «V+ YRyoh te 
(*202°104] =:.R,, econnex:: D+. Prop 


*202131. + : Peconnex.C‘P=O'Q.PEQ.>.Qeconnex [*202°103] 
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#202132, | : Peconnex. >. P,,, Py connex 
[#202'131 . #90°14°151 . *91°502°504] 
> © 
#202133. b:: IP O*P@ P.D:. Peconnex.=:veC'P.9,.0°P= Pau Pa 
Dem. 
os 
b.*35'101.3t: Hp. d:eeO(P. D.C Pia qd) 
F . (1). #202101... Prop 
#202134. bss. IP O‘PEP.3::Peconnex.=:.2,yeCP.9,,:4Py.v.yPx 
[4202103] 
#202135. t: Peconnex.=. Pw If C‘P econnex 
Dem. 
F. #202134. 3h:: Pulf CP econnex. =: 
ayeCP.Dd,y:0(PoltCP)y.viy(Pol fC P)a: 
[*202°103} 21. Peconnex:: D+. Prop 
4202136. |. Pyeconnex.=10eC'P.D,.U'P = Py’ v Pyle 
[#202133 . #90°14°15] 


#202137. | i: Py econnex.=:.9,yeC'P.Dz,,:2Pyy. Vv yPya 
[*202'134. #9015] 


#202:138. F:. Petrans.>:Peconnex.=.Py,econnex [*202°13 .*20118] 


e 
#20214. :ReCls1.3.R,[ Ryfeeconnex [*96'308 . #202104] 
Be ¥ 

4202141, Fz Rel—+Cls.2-Ryol Ry‘eeconnex (420214, 420211] 

e 
#20215. ':Rela1.5.2R,,[ Aye econnex 

Dem. 

F.*9713. DF: seve Byles Dy et ye Rye. uve yee Bye Vv. 

ye Ryle. ae Rete: v. eRe ze Ryfa qd) 
b.4202'141104. Fi: Hp. Diey,ze Ryfc.yte.DiyRyye.v. Rey (2) 
F. *202°14°104. DhisHp.Diy,20 Ryle yte. Diy @.v. Roy (3) 

> e 

b.x9017 Db: ye Ryo. ce Ryo. ytz.3.yRy2.y42. 


[#91542] D.yRyot (4) 
Similarly iy chai +2 é Bala YFZDAZR yy (5) 
F (1) +(2)-(8)-(4)- (6). 

kiHp.d:.y,2e Rye ey e+ Dy7t YR Ze Va ZRpoy (6) 


F . (6). *202104. 5 +. Prop 


The above proposition is used in the ordinal theory of finite and infinite 
(#260°4). 
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#20216. +: Peconnex.2,yeO'P.~(xPa).~(yPy) Pig= Pry -D.a=y 


Dem. 
+ .#8218'181 Dt: Hp.d.~(ePy).~(yPx). 


[*202°103] D.2=y!:Db. Prop 


> > > 
4202161. F: Peconnex m RIS. Pf OP e191. Pt OP e (PSP) sinot P 
Dem. 
+. 420216. Db: Hp.d:ayeOP.Pe=Py.d.2sy (1) 
b. (1). 71°55 . #15124. Prop 


> -_s 
#202162, +: Peconnex.P,, GJ... P[3P,iP smor P. PE | Pyf C'P ell 
Dem. 
> > 
F.4#8613. bs. PE Pyia= PE Pyty. =: 
~ 
uPy.u,ve Py§e. 54,9. UPv.ujve Pyfy qd) 
b, (1). #111 90°12. 
~ > 
br.a,yeOP. PL Pyic= Pt Pyfy.Di2Py.yPyc.=.aPy.cPyy: 
yPu.yPya.=.yPa.aPyy: 
[#90°151.491'52] Di: aPy.3.aP,,2:yPr.d.yPyoy (2) 
as 
b.(2). Db: Hp.ayeOP. Pt Pyte= PE Py‘y Ds (@Py).(yPa). 
[*202'103] D.e=y:Dt. Prop 
#20217. +: P,,econnex. ye P(@Hz).3.P(e@Hy)v P(yH2)=P (aH 2) 


Dem. 
b. #2011415 . *121:103.3 


FsHp.3.P(@Hy)CP(@Hz).P(yHz)CP(tH2) qd) 
F , #202:13'187 . #121103 .5 
FiwHp.weP(@Hz).d:wPyy.v.yPyw: aPyw.wPyges 
[#121103] DiweP (eHy)vu P(yHz) (2) 
F.(1).(2). 3+. Prop 
#202171. +: P,,econnex.yeP(#Hz).9. 
P(g3z)=P(a@ay)v Py az). P(e-2z)=Pl(ery)v P(y+2z) 
(Proof as in *202:17] 
#202172. +: P,,econnex.ye P(x—2).). 
P(w-y)=P(ary)u Ply—2)- P(@—y)v P(y2z) 
[Proof as in #202°17] 
420218. +: P,,econnex.E! BP .>. (‘P= Py! BP 
Dem. 
e 
F.#2021.5+:Hp.3.0°P =P, ‘BYP 
e 
[#97°2.4%91°504] = Py! BSP: 3+. Prop 
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#202181. +: P,,econnex.E! BP. E! BP. >.'P = P(B‘P i BP) 
Dem. 
= a 
+ .#*20218.3+:Hp.d.C*P=Py' BP a Py! BSP 
[#121:103] = P(BIPHB‘P): 3+. Prop 
The above proposition is used in the ordinal theory of finite and infinite 
(*261°2). 
The following proposition is a lemma for *202°211, which shows that if a 
relation is connected, so are all similar relations. 
#20221, +: Peconnex.Sel—»Cls.3.S3P «connex 
Dem. 
+. #150202. 3b::Hp.d:.0,yeCSiP.cty.diayeS*OP.cty: 
[#71-4.430°37]D:(qz,w).z,weOP .2= Sz.ya=Swiztw: 
{*202104] Ds (qz,w):a=S'z.y=Sw:zPw.v.wPz: 
[*150°4] D:a2(S3P)y.v.y(SiP)a Ql) 
F.(1) «#202104. D+. Prop 
The proofs of the three following propositions proceed like the proofs of 
the analogous propositions in *200 and #201. 
#202211. t: Peconnex. Qsmor P. >. Qeconnex 
#202'212. F : P econnex. 3. Nr‘P C connex 
#20222. +: P econnex.=.Nor‘P Cconnex.=.q! Nor‘P a connex 
#2023. +. Aeconnex 


Dem. 
+.48729.h:P=A.>. POOP =A, 
[*202'102] >. Peconnex: D+. Prop 
#20231. +. a | yeconnex 
Dem. 


b.#5515.Db:.2,weO(rly).d: 
2,Wel Viz, WELY Vela. wel'y.V.zely.weln: 

[#51-15.413:172] Diz=w.v.z=a2.wa=y.Vit=y.w=e! 
[%55-15] Diz=w.v.z(elyweviw(elyz (1) 
F .(1). #202103. 3+. Prop 
#20233. +: Peconnex.>.P[aeconnex 

Dem. 
F.x8741.DbiayeOPLa.d.a,yea.u,yeOP (1) 
b, (1) «#202103. > 
bi:Hp.Dsa,yeC'Pha.dra,yeaiaPy.v.a=y.v.yPa: 
[*36-13] D:a(PLa)y.vec=y.v.y(Plae (2) 
F. (2) .#202108. DF. Prop 
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The following propositions (#202'4—-42) are concerned with applications 
of relation-arithmetic. 


«2024. «+: P,Qeconnex.>.P#Qeconnex 

Dem. 
b.#16014. Db s.a,yeC(P#Q).=: 

wyeCP.viayeCQ.viceCP .yeCQ.viceCQ.yeOP (1) 

b.#202108.3h::Hp.Dd:i.a,yeC’P.D:aPy.vic=yev.yPo: 
[*160-1] Dia(PHO)y.v.c=y.viy(P#Q)e (2) 
Similarly Fi: Hp. D:.a,yeO°Q. D:2(P#EQ)y.v.c=y.viy(P#Q)« (3) 
b . #1601 .*35:1038. Db a2eCP.yeC'Q.D.0(P2Q)Y (4) 
F.#160°1 #35108. Db raeOQ.yeCP. >. y(PHQ a2 (5) 
b.(1).(2). (8). (4). (5). 
bi:Hp.D:.a,yeC(P#Q).dia(P#EQ)y.v.cay.viy(PFEQa (6) 
F. (6). #202103. 3+. Prop 

The above proposition illustrates the reasons for defining P + @ as was 
done in *160. When P and Q are connected, Pw Q is in general not con- 
nected: it is the additional term C‘P f C‘Q which insures connection. 
#202401. F:. CSP a C'Q=A.I:P#Qeconnex. =. P, Qeconnex 

Dem. 
F. #20233. 5+: P4Qeconnex.>.(P£Q)P C'P, (PQ) C*Qeconnex (1) 
b.(1). #1605. Db: Hp.d:P#Qeconnex.D. P, Qe connex (2) 
F .(2). #2024. D+. Prop 
#20241. +: Peconnex.>.P+>zeconnex . z¢P ¢connex 

Dem. 
b.e161142. DF a,yeC(P 2). c¢y.Dia,ye(OPuie).aty: 
[%51-236] Dia yeO'P.cty.viceOP.y=z.v.yeOP.c2=2z (1) 
b. (1). #202104. 3 
Fi: Peconnex. D:.a,ye O(P 42). 04+y.9: 

wPy.v.yPaviceOP ya2.viyeOP.aaz: 


(#161:11] Dia(P+z)y.viy(Ppa2jar 
[202-104] D:. P 4 ze connex (2) 
Similarly +: P«connex.D. z+ P«connex (8) 


F.(2).(8). Db. Prop 

#202411. F. vl y+ »zeconnex [#2024131] 

#202412. Fi. z~eC'P.D:Peconnex.=.P 4>zeconnex.=.2¢+P econnex 
Dem. 

F.#16116.3b:.Hp.d:P=(Pp2)P OP: 

[*202°33] D:P +z econnex.>D.Peconnex Gd) 

Similarly b:.Hp.3.24¢4 Peconnex.).P ¢connex (2) 

F.(1). (2). #20241. D+. Prop 


SECTION A] CONNECTED RELATIONS 523 


¥*202-42. +: Peconnex. C*P Cconnex. >. =‘P econnex 
Dem. 
F.#162-22. Db: a, yeOS'P.=.(qQ, R)-Q ReOP.xeCQ.yeOR (1) 
F. (1) «#202103. 
hi: Peconnex.3:.2,yeO%S'P.D: 
(qQ, 8): QPR.v.Q=R.Q,.ReOP.v.RPQ:aeO'Q.yeOR (2) 
F.*16213.3+:QPR.v.RPQ:2eCQ.yeO'R: 3: 
a(S'P)y.v.y(2'P)x (3) 
F.#13:195.D:(qQ, R).Q=R.Q, ReO'P.weCQ.yeCOR.D. 
(aQ)-QeOP.x,ye0Q (4) 
F .*202°108. 3+: O*P Cconnex .3:.(qQ)-QeO'P.2,yeCQ.d: 
(qQ): Qe OP: aQy.vea=y.v.yQar 


[*162:13] Div(S'P)y.via=y.viy(DP)a (5) 

b.(4).(5).3 

Fi: OCP Cconnex .3:.(qQ, R).Q=R.Q,ReCP.veOQ.yeOR.D: 
a('P)yy.via=y.viy(SP)a (6) 


b.(2). (8). (6). Di: Hp. 3s. 
ayeO2UP.Dia(hP)y.viecay.v-y(2'P)a (7) 
+. (7) #202103. 3+. Prop 


#2025. +:.Peconnex. PCJ. ayeOP.d:at¢y.~(aPy).=.yPa 


Dem. 
b.*5043. Din P?CS.D:yPr.d.~ (Py) (1) 
b.*20036. Dk:1.P? GJ. :yPa.d.0+y (2) 


+. #202104.3+:.Peconnex.2,yeC’P.Diaty.~(ePy).D.yPx (3) 
F.(1).(2)+(8). DF. Prop 

The following propositions (#202'501—'51) are concerned with the relations 

e 
of Pa and p‘P“(an C'P), They are important, and *202°501°503°505 will 
be often used. 
— 

¥*202°501. F : Peconnex.3.C*P — a— Pa C piP\(an CP) 

Dem. 
b.#1S14.4371. Db ye O'P —a— Pa.rvea,d.cty.~(yPz2) (1) 
F. (1). *202103. DF: Hp. DryeC’P—a—Pa.ccanl'P.>.aPy: 

tc. 
[%40°53] 3: ye C’P—a— Pa. dD. yep’P(an OfP):. D+. Prop 
ea 

#202502. : Peconnex. ?GJ.q lan O'P..0'P—a—Pa=p'P “(an CP) 

Dem. 


b.44062. DE: Hp.d.pP (an OP)C OP (1) 
e 

+. #2005. Dk: Hp.d.p'P\(anC'P)C—a (2) 

+. 420053. 3b: Hp.d.p'P"(an OP) C~ Pa (3) 


F. (1). (2). (3). #202501. +. Prop 
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#202503. k: Peconnex. PG J.3.0°P —p'P“(an OP) =(an OP) vu Pha 
Dem. “a 
b #202501. *2443.5+:Hp.d.CSP—piP\(an OP) Cau Pia qd) 
e 
F (1). #2243, Db: Hp.d.CP—p'P“(an OP) C (au Pia) n OP 


[x22°68.437-15] Clan Py Pa (2) 
+. #200°5'36. Dh: Hp.d.an OP C—p'P"(an CP) (3) 
F .#200°58 . Dh: Hp.d. Pa —p'P"(an OP) (4) 
b.42248.43715. DhanGPCOP. Pac OP (5) 


F.(3).(4). (5). Db: Hp. Dd. (an O'P) vu Pa COP ~ p'Pan C'P) (6) 

F.(2).(6). +. Prop 

*202'504. t: Peconnex. P?CJ.3.0°P a pP“(a aC'P)=C'P -a— Pa 
Dem. 

F.#200536. Dt: Hp. D.p'P"(anO'P)C—a a) 

+ .#200°53 . Dh: Hp. Dd. p'PH(an CP) C — Pa (2) 

b. (1) «(2) «#2248. : Hp.d.0°P np’ P(an'P)COP—a— Pa (3) 

+. (8). #202501. 3+. Prop 

#202505. +: Peconnex.>.0'P = Pav(an'P)v {OP a pe Pa nc'P)} 
Dem. 

+. #209'501. ks Hp... 0*P—a— Pap’ P“(an CP). 

[24-43] >.OP Cau Pau (p'P\(an CP)}. 

[*22°621.437°15]D. C’P=(an C'P)u Pau {O'Pa pP“(a nCP)}i D+. Prop 

*202'51. +: Peconnex.aCO’P.qta.d. 


v > 
OP = P“avayu (Peeg = PCquaup Pa 
Pp P 


Dem. 
Ee 
fF. 40°62. Dt:Hp.d.piPtaCCP qd) 
bk. #22621, Dr: Hp.d.a=anO!P (2) 


_ 
F. (1). (2). #202505. Db: Hp.>.0°P = P“avaup'P*a (3) 


y > 
Fe a>. 420211. Dk: Hp.d.C!P=P\avaup'P a (4) 
F.(3).(4). 34. Prop 

> 
The following propositions (%*202°511—524) are concerned with Bé*P. 
%202°52 shows that if P « connex, P cannot have more than one first term or 
more than one last term, and *202°523 shows that this still holds if only Py 
is connected. *202°511 shows that if P is a connected relation which has a 


first term, then if a is any class, there are predecessors of the whole of 
an O*P when and only when B‘P is such a predecessor, and when and only 
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when B‘P wea, *202'524 shows that if P is connected and has a first term, 
G*‘P consists of the successors of the first term. These propositions arc 
much used. 


#202511. b:.P econnex.E!B‘P.3: 
~y 
a tp Pan O'P).=. BP~wea.=. BYP ep'P“(an OP) 


Dem. 

b.#202°104.493'1. 3b: Hp. BP wea. di: ve(anC'P).d,. (BYP) Pa: 
=> 
(*40°51] 3: BP ep'P“(anOP): (1) 
=> 
[#1024] Diy lp iP (an OP) (2) 
b.a931. D+: Hp. BiPea.d. (a). ~ {xP (BYP)}. BePean@P. 
> 
[*40°51] D.piP(anCiPy=A. (8) 
> 
[#24105] 2. BSP wep'P(an CP) (4) 
> 
F.(2).(@).- Dt: Hp.3:BiPrea.=.qiptP (an CP) (5) 
=> 
+.(1).(4). DF: Hp.3: BiPwca.s. BP ép'P\(an CP) (6) 
F.(5).(6). D+. Prop 
> sy 

¥20252. +: Peconnex.>. BP, Bi'Pe0ul 

Dem. 
b.x93108. = kta yeBP.D.2,yeCP.aneM'P.yre MP. 
[33°14] D wa, ye OP 1. (aPy) «(yPa) qd) 

> 
b. (1). #202108. Dt: Hp. diaye BSP. D.e=y: 
ue 
[*52°4] 3: BPeOul (2) 
=v 
b.(2).*20211. Dt: Hp.d.BPeOvl (3) 
k.(2).(3).>4. Prop 
> > 

#202621. +: Py econnex. >. BYP Cp‘ Py OP 

Dem. 
+, *202°13'103 .> 

> 
ki: Hp.D:s ce BOP. ye OOP. D2 ePyy Vi t=Yy Vi yProt (1) 
> 

b.#91:504. Dt ree BIP.D.W(yP,,@) (2) 


+.(1).(2). Fi: Hp.> nceBP.yeOP. D:aPyoy.V.e=Y¥i 
[#9154] : D:aPyyu Dt. Prop 
> = 
4202022, |. BP = BP,, [#91504] 
4202593. t: Pyeconnex.>.B‘Pe0 v1 [*20213'52'522] 
202-024, f: Peconnex.q! BOP. >. 0'P = BP 
Dem. 
+ .*20252.3h:.Hp.3:EIBOP: 
[#202104.493 108) D:weC*P.>.(B‘P) Pa (a) 
F.(1) «#33151. . Prop 
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The following propositions (*#202'53—55) are concerned with relations 
with limited fields. Such relations are constantly used in the theory of series. 


#20253. +:Qeconnex.P?GJ.QEP.3.Q=PE CQ 


Dem. 
+. *83°17 2438613. Dt: Hp.dieQy.d.a(PPCOQ)y (1) 
b. #5043. Dr:.Hp.di:aPy.d.~(yPa). 
[23°81] > .~(yQn) (2) 
F. #200°36 . Dt: Hp.d:ePy.d.c+y (3) 
f. (2). (3). #202104. DF: Hp. dia, yeCQ.aPy.D.aQy: 
[#86°13] Dia(PLOQ)y.d.0Qy (4) 


F.(1).(4). DF. Prop 

This proposition is important in series. If P and Q are serial relations, 
and Q¢ P, they verify the above hypothesis; hence if @ is a series contained 
in a given series P, Q is simply P with its field limited. Thus series contained 
in a given series are completely determined by their fields. 


#20254. +:PDaeconnex.anC’Prel.3.C’Pha=anl'P 


Dem. 
+ #52181.) 
Fir Hp.diceanCP.d.i(qy)yeanCP.y+a: 


[*202'104] Dz (qy)iyeanC’Psa2Py.vi.yPax: 

[*36-13] Dei(qy)ia(Pha)y.v.y(Ph ae: 

[*33'132] D,:ceC*Pha (1) 
F.#37-4115:16.3+.C’PhaCan OP (2) 


F.(1).(2). DF. Prop 

The above proposition is frequently used. *202'55, which is an immediate 
consequence of *202°54, is used incessantly. 

The following proposition is used in *232'14, 


*202°541. f: Petransm connex.anC’Pre1.>.(Pha)y= Pf a 
Dem. 

+. #201-1833.5+:Hp.>.(Pha)y=PPaw lf (C*Pt a) 

[#202°54] = PhawIN(C'P aa) 

[%201-18.%36'23.%50°5] =Pyta 

#20255. +: Plaeconnex.aCO’P.avel.3.C’Pha=a [%202:54] 


#20256. +: Peconnex. PG J.ceC’P. BC CP. P“BCP*x.3.8C Pee vite 
Dem. 


Fex871. = DE: PHBC Be. yeB.aPy.d.aPe (1) 

F.(1).Transp. 3+: Hp.ye@.3.~(@Py) (2) 
> 

(2). #8218. +: Hp. ye B— Pir. .(aPy).~(yPz). 

[*202°103] D.y=a:D+. Prop 


The above proposition is used in *212°652. 
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ju 


#2026. b::Peconnex.PGJ.3:a,yeCP.cty.=:ePy.viyPa 

Dem. 
F. *202°104. Dh: Hp.d:.2,yeCP.czy.diePy.v.yPx (1) 
F.*5011. 43317 .Dbi: Hp. di.0Py.v.yPerd.ayeOP.cty (2) 
F. (1). (2). +. Prop 

The following proposition is a lemma for *202°62, which is itself a lemma 
for *204°52, 
#20261. b::Peconnex.P GJ: $(2,y)+=2,y+P(Y,")tD:. 


@PY Day (ei yi sia yeOP.cty.Day+h(a,y) 
Dem. 


b.#2026. biz. Hp. DireyeCP.cty.d,y-h(@yi=r 
ePy.Vv.yP2i Dzy-h (ey) % 


[¥4°77] =:.0@Py.Dy,.6(",y)tyPa. dey. h(a, y) 
[¥4°85.Hp] =:.¢Py.9,,-$(¢, y)iyPa. 24-6 (y, 2) 
[4-24] =1.0Py.Dzy+ (ey) tt. IF. Prop 


4202611. ts. Peconnex. PE J.R=R.2:PCR.=.ILOPER 
61 FY 
[+202 61 $s “| 

#20262. +:.Peconnex.PGJ.3: Pe Relexcl.=.F3PGS 

Dem. 
b .*202°61 .#163°1.3b::Hp.3:. 

PeRelexcl.=:QPR.392-CQACR=A: 

[#2437] :QPR.weCQ.yeCR.do nay HY? 
[#150°52] (FIP) y. Izy. e¢Yy i Db. Prop 

The three following propositions (#202'7—-72) are concerned with P+ P2, 
Of these, #202°7 is important: it shows that if P is connected, no term can 
have more than one immediate predecessor or successor. #202°72 is used in 
#20471, which is an important proposition. 
#2027. +:Peconnex.).P+Pelol 


Dem. 
b.#84°5. Transp. +: 2Pa.~(yP*2).3.~(yPz) (1) 
Similarly bi yPe .~(2P*x). 3 .~(2Py) (2) 
b.(1).(2). DF ty(P+P)e.2(P+P*)@.3.~(yPz) .~(2Py) (3) 
F.(8).*202108.5t:. Hp. di y(P+P*)a.2(P+P)a.d.y=2 (4) 
Similarly bi. Hp.3:0¢(P+P*)y.0(P+P)z.3.y=2 (5) 


+ .(4).(5). DF. Prop 
> 3 
#20271, +: Peconnex.¢(P+P*)y.3. Py y = Pyéx 
Dem. 
> > 
b.*9152.D+:Hp.d. Pye Pro‘y : (1) 
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b.x9157. Dba zPioy. D2 2Py.V.2Po.| Py: 


[x25°41] Di2(P+P)y.viz(PAP)y.v.z(Ppo|P)yt 

[*91'502] D:2(P+P*)y.v.z(Poo|P)y (2) 

+.#2027. Dt: Hp.z(P+P)y.d.2=4 (8) 

b.(2).(3). Db: Hp.zPyy.2¢0.9.2(Pyo|P)y. 

[*34°1] >. (qw).2zP,.w.wPy (4) 

b.x34°5 « DtiwPy.cPw.d.cPy (5) 

+.(5). Transp. 9 :. Hp.wPy.3:~(ePw): 

[*202-103] D:wPe.viw=a (6) 

b.(4).(6). Db: Hp. 2Poy.zta.D:2Pi.e.v.(qw)+zPiow.wPe: 

{*91°511] D:2P,, 0 (7) 
> > 

+.(7). #9154. 3+: Hp.d. Poty C Pyfe (8) 


F.(1).(8). 3+. Prop 
> = 
*202-72. +: Petransnconnex.«(P+P%\y.3.Py=Pievuls 
[*202-71 . *201-18-521] 
#2028. +:Qeconnex.Se Psmor@.C'QnBrel.d. 


‘ St Be(PE SB) amor Qf 8 
A gT1-29. Dt: Hp.d.SpRell (1) 
+. 435-64. #15111. DF: Hp. >. dS) =0'@n8 
[*202°54] =C(QT 8) (2) 


b .¥150°37 . Db: Hp.d.(SPB)}Q=PtS“s (3) 
F.(1).(2)+ (3). . Prop 
#20281. +:Qeconnex. Se Psmor Q.3.(Pf 88) smor Of B 
Dem. 


+ .*202'8. Db: Hp. CQn Brel. d.(Pf SB) smor QE 8 (1) 
+ .*8613.438317. DIF: CQOnP=t'y.d.QTBGylLy (2) 
b. #3613. Ds. Hp(2)-d:y¥(Ql By. =. yQy (8) 
b. (2). (8). #55341 . Db: Hp(2).7Qy.9.QO0 B=yly (4) 
b.43564. 815111. J+: Hp.d.d(SPay=CQa 8 (5) 
(4). (5). Db: Hp(4).>. (SP 8)=CXQE A) (6) 
b .#71-29 415037. Db: Hp.d.SPGel—+1. PE S82 =SKQE 8) (1) 
b.(6).(7).#1511. Db: Hp(4).>. (Pf 8“) smor Qf 8 (8) 
+ .(2).(3) .#55°341.DF: Hp(2).~(yQy).>- QL B=A. (9) 
[(7).*150°42] D.PES“g=A (10) 
+,(9).(10).#153°101. ts Hp (9). >. (PES) smor Qt 8 (1) 


+ .(8).(11).4521. Dt: Hp.CQnBel.d.(PPS“)smorQ> @ (12) 
F.(1).(12). 54. Prop 

The above proposition shows that if Q is connected, and any class £ is 
picked out of C*Q, and P is similar to Q then @ arranges @ in an order which 
is similar to that in which P arranges the correlates of 8. 
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Summary of #204. 


In this number we give the definition and a few of the simpler properties 
of series. Most of the propositions of this number result immediately from 
those of *200, *201, and *202. Our definition is 


Ser = RI1‘J n trans nconnex Df. 
We have 


*20416. +: PeSer.=.Peconnex.?CJ.PCJ.=.Peconnex. PP, CS 
cither of which might have been taken as the definition. 

After a few propositions giving other possible forms of the definition of 
series, we proceed to a set of propositions which follow immediately from 
those of *200, *201, and *202. Such are 
#2042. t: PeSer.=.PeSer 
#20421. b:PeSer.PsmorQ.>.QeSer 
*20424. +. AeSer 
#20425. biaty.s.e]yeSer 

Another important proposition on couples is 
*204:272, k:. PeSer. 3: D‘Pel.=.Pe2,.=.0'Pel 


so that couples are the only series having unit classes for their domains or 
converse domains. 


= 

We then proceed to a set of propositions on P*a. We have 

> => 
#20433, b:.PeSer.2,yeO'P.din+y.PyC Pix. =.yPa 
=> > 

Also, if P eSer, Pf C‘P is a one-one and P3P smor P (*204'34°35). 

We then have some propositions (*204:4—"44) on relations with limited 
fields. The most important of these are 
#2044. +:PeSer.>.PlaeSer 
#20441. £:P,QeSer.QEP.5.Q=PE CQ 

This proposition is important, since it shows that any series contained in 
a given series is wholly determined when its field is given. 


We have next a number of propositions (*204'45—-59) applying relation- 
arithmetic to series. The first set of these (*204'45—483) are concerned 
with the proof that if a “cut” is made in a series, the series is the sum of 
the two parts into which the cut divides it, where the sum is taken in the 
sense of *160 or *161, according as one part of the cut does not or does 

R&Wwit 34 
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consist of a single term. Most of these propositions do not require the 
full hypothesis that P is a series, but only some part of it. Thus we have 
for instance 
#20446. +: Peconnex. EIBSP.U‘Pvel.d. 

P=BIP4+ PEGP.NriP=i14+Nr(Ph AP) 
with a similar proposition for B‘P and D‘P (#204461). 

We next prove that if P, Q are mutually exclusive series, their sum 
(P + Q) is a series, and vice versa (*204°5); that if P is a series to which « 
does not belong, P +> and « + P are series, and vice versa (*204°51); that 
if P is a series of mutually exclusive series, its sum >‘P is a series (#20452); 
that if P, @ are series, so is P x Q (*20455); that if P is a series of series, 
II‘P is contained in diversity and is transitive (204561), while if P is also 
well-ordered, ¢.e. such that every existent sub-class of CP has a first term, © 
then [IP is a series (*204°57); and that if P and @ are series, and Q is well- 
ordered, then P? and PexpQ are series (#20459). These propositions are 
essential to ordinal arithmetic, but they will not be referred to again until 
we reach that stage (Sections D and E of this Part). 

We have next a collection of propositions (#204°6—65) on pi Pa for 
various values of a, and finally three propositions on P,. Two of these are 
much used, namely 


#2047. +: PeSer.5.P,el+l 
> => 
#20471. +: PeSer.aPyy.d.Py=Paevu vs 


*20401. Ser=Rl‘Jntransmconnex Df 

"2041, +:PeSer.=.PGJ.P*°GP. Peconnex. 

»-PeRM.Petrans. Peconnex [(#20401)] 

420411, 2. PeSers=:PGJ.PCP:0eOP.d_. Pav tev Pio = OP 

[#204°1 . #2027101} 

#20412. bi: PeSer.=:.PGJ.P*G Pa, yeCP.dz, 4: 
ePy.v.csy.v.yPa [%2041 .%202°108] 

#204121. bz: PeSer.=:.PGJ.P*CPi.a,yeCP.aty Dz y3 

ePy.v.yPa [%*204'1 . *202104] 


#20413, f:PeSer.D.P?GJ.PAP=A 


b, 204-1 .#23°44.5b: PeSer.d.P?GJ. Pe trans (1) 
+. (1).#20112.+. Prop 

#20414. +: PeSer.=.PaP=A. PGP. Peconnex 
[204°] . 50°47] 
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#20415. +: Peconnex.?EJ.P°EJ.3.Pe trans 


Dem. 
bikB845. Du PEI. D:2Py.yPz.3.0+2 (1) 
b.x5041. DE PECS.D:0Py .yPz.3.~(2Px) (2) 
F.(1).(2). Db: Hp. DiaPy.yPz.3.0+4+2.~(2P2). 
[*202°103] 2.2Pz:.3+. Prop 


#204151. |: Peconnex.P,,CJ.>. Pe trans 
[*204°15 . *91°502'508'511] 
#20416. +: PeSer.=.Peconnex.P?GJ.PCJ.= -Peconnex. P,, GJ 
[4204-15-15] . #200°36 . 201-18] 
We have also 
Ft: PeSer.=.Peconnex. P?EJ. 
For, by *200'37, since P* = (P?)' = (P%), it follows that 
PEJ.I.PCJ. PGI. 
A relation such aselyuy|zuzle, where et+y.y+2.2+2, satisfies 
Peconnex. P?GJ, but not PG J. On the other hand, 
elyvylzuzl|wuwle 
satisfies P?G J. P*G J, but not P econnex. 
#2042. F:PeSer.=. PeSer (*200°11 . *201°11 . *202'11] 
#20421. +: PeSer.PsmorQ.>.QeSer 
[%200°211 . *#201°211 . *202-211] 
#20422. &:PeSer.>.Nr'PCSer [#20421] 
#20428. +: PeSer.=.Ng'PCSer.=.q!Nor‘Pn Ser 
[#20022 . #201°22 . #202°22] 
#20424, +. AeSer [%200°3 . #2013 . #202'3] 
#20425. biaty.s.e}yeSer [#20031 .*201-31 . *20231] 
#20426. biaty.atz.ytz2.d.elLy+zeSer 
(*200°81°41 . 201-411. *202°411] 

The three following propositions deal with couples. Conples often 
require special treatment, owing to the fact that, if P is a couple, 
PED‘P =A, so that CPt D‘P)+D*P, whereas in any other case, if P is 
a series, C'(P[D‘P)=D*‘P. Hence the following propositions are often 
required. 


#20427. +: PeSer.#Py.D'P=t@.3.P=aly 


+ .*33°14. Dt: Hp.zPw.d.z=a (9) 
b.(1).*5024. 3+: Hp.zPw.d.wte. 
| @).Transp ed >. (wPy) (2) 


34—2 


532 SERIES . (paRT V 
F.(1). Transp. «50°24. 3+: Hp.3.~ (yPw) (3) 
F.(2).(8).*20412. Db: Hp.zPw.d.y=w (4) 
b.(1).(4). DF: Hp. dizPw.d.z=a.y=w (5) 
b.(5).*55°34. 3+. Prop 

#204271, t: PeSer.D‘Pe1.3.Pe2, 


Dem. 
b.#20427.3+:Hp.d.(quy).P=aely. 


[#20425] D.(qa,y).2t+y.Paely. 
[*56°11] D.Pe2,:>+. Prop 


#204272, bs. PeSer.3:D‘Pel.=.Pe2,.=.0'Pel 
[¥204-271-2 . #56111] 

#2043. bt: PeSer.a,yeC'P.diaty.~(yPa).=.0Py 
[202-5 . #20413] 


> 3 > 
#20432, +:.PeSer.c,yeOP.3: Py C Pae.=.ye Pav ie 


b.x2041. Dt:.Hp. Di yPa.zPy.3.2Pa: 
=> 2? UL€ 
[#3218] D:iyePe.3.PYyC Pre (1) 
2? = 
b.#2242. Dhiryaa.d. Py C Phe (2) 
> > > 
b.(1).(2). Db: Hp. diye Pievutw.d. Py CP (3) 
> < 
b.#20411. 9b. Bp. diywe Pau tie. d.ye Pa. 
[3218-181] D.ce Py (4) 
> 
+ .*5024. Dt:Hp.d.ave Pe (5) 
> > 23 
b.(4).(5). Db: Hp. DiyrePlev ia.d.~ (Ply C Pe) (6) 
f .(3).(6). >. Prop 
> 2 
*20433. +:.PeSer.ayeC'P.di:cty.PyC Pe.=.yPe 
Dem. 


= > 
+ .*20432.5h:.Hp.dtaty.PyC Pe.s.c4y-ye Paulo. 


— 
[51°15] s.ety.yePa. 
(Hp.*4°71] =.yPa:.3+. Prop 


The three following propositions only require P ¢ Rl‘J n connex, but are 
required for application to series, and are therefore convenient in the form 
here given. 

~-~ => 
#204331. | :. PeSer.a,yeC'P.3:Pae=Py.=.0=y 
[*202°161 . *71°55] 


—~ > = 
#20434, b:PeSer.>.P}C'Pel—+1.P} CP e(PiP)smorP [*202161] 
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> 
#20435, +:PeSer.3.P>PsmorP [*20434] 

This proposition shows that the series of segments which have immediate 

successors is like the original series, for a segment whose immediate successor 
—~ 


pars 
is # is P‘x, and the series of such segments is P>P. 

The following propositions (#204'4—'44) are concerned with relations with 
limited fields. 
#2044 +: PeSer.>.PLaeSer [#20033 . %201°33 . #20233] 


#20441. $:P,QeSer.QEP.3.Q=PL CQ [20253 . #20413] 

In virtue of the above two propositions, the series contained in a given 
series are the relations resulting from limitations of the field; the process of 
limiting the field is merely the process of selecting a part of the original series 
without changing the order. 

#20442. +:.PeSer.d:QeSer.QGP.=.(qa).Q=Pfha.=.QeDPP 
[204-441] 

#204421. +: PeSer.>.Sern RIMP=D‘Pt [204-42] 

#204438. +: P?€P.PGJ.QEP.Qeconnex.3.QeSer 


Dem. 
b . #231. 43455. 5b: Hp. d:eQy.yQz.2-0Pz. 


[*50°43.Hp] D.v(2Px) e+e. 
[*23°81. Hp] D.(2Qs). +2. 
[*202°103] >. 2Qz: 

[*84°55] I:EEQ (1) 
+. #23'44.3+:Hp.d.Qe/ (2) 


b.(1) + (2) +2041. F. Prop 
#20444. +: PeRiJatrans.>.RiP aconnexC Ser [*204'43] 


The following propositions (#204-45—483) are concerned with the division 
of a series into two parts, one of which wholly precedes the other. The case 
where one of the parts consists of a single term requires special treatment, 
and go does the case where both parts consist of single terms, 4.e. where the 
series is a couple. 


#20445. +:Peconnex.aeClO‘P—1.PMaCa.B=O'P—a.Brvel.d- 
P=PLahPLB.Nr'P=Nr'Pf atNr‘Pf 
Dem. 

b #24411 243817. 5b :: Hp.d:. 
ePy.=:yea.cPy.v.vea.yeS.aPy.v.a,yeB.aPy (1) 

+ .4«87-17. Dt: Hp. dtyea.exPy.d.x€a (2) 

F. (2). Transp . *202103.3+:.Hp.Ddiyea.veB.d.yPa (8) 

b .*202°55 . Dt: Hp.d.a=CPha.f=CPTB (4) 
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F.(1).(2)-(8).(4)- Db: Hp. ds 


oPy.2:a(Phajy.viceOPha.yeCPL B.v.c(Pp By: 
{¥160°1] z:a{PLatPE Bly (5) 
f.(5).#180°32.5+: Hp.3.Nr‘P=Nr'PlatNr'Pt 8 (6) 


b.(5)+(6). DF. Prop 
#20446. +: Peconnex.E! BSP.U‘Prel.3. 
P=B‘P 4 PEGP.Nr'P=i14Nr(Pp dP) 
Dem. 
F . #202°524. Dt: Hp.dJiv=BiP.yeU'P.3.0Py (ly 
b.(1).#161111.3+:: Hp.3:.0(BiP4 PE C‘P)y.=: 
o= BP. yeA'P.aPy.v.a,yeA'P.aPy: 


[*93°103] raeOP ye UP. aPy: 
[#33°1417] =:aPy (2) 
b, (2). #18132. Db: Hp.d.NrP=14Nr(Pf C‘P) (3) 


f.(2).(8). +. Prop 
#204461. bt: Peconnex. E! BP. D‘P wel. >. 
P=PtD‘P-» BP. Nr'P=Nr(Pt D‘P) +i 

[Proof as in *204'46] 

4204462, + :. P,Qeconnex. E!B'P.0'P wel. ELBQ.d'Qeel.>: 

PsmorQ.=.P[U‘Psmor Qf AQ = [*161:33 . *204°46] 
#204463, §: P,Qe RI. EI BP. U'P el E!BQ.dQel.d. 
PsmorQ. Pf d‘Psmor Qf dQ 
Dem. 

#5637. Dk:Hp.>.P,Qe2, q 
b.#20085.D':Hp.d.PEa‘P=A.QEaQ=A (2) 
F. (1). (2) .#153-202101 3 
Fk: Hp.>.PsmorQ. Pf UP smor Qf dQ: D+. Prop 

*20447. +: P,Qeconnexn RIN. EI BP. EIBQ.3: 


Pasmor Q.=. Pt A‘Psmor Qf a°Q 
Dem. 


F.151°18 . *200°85 . #202'55 . *153'102..3 
b:Hp.d'Pel.d*Qvel.3.~(P smorQ).~(Pf O‘P smar QE ‘Q) (1) 
F. (1). #204'462-463.. DF. Prop 


"20448. bs: PeSer.3:. 
E! BP. =3(qQ).q!Q.Nr'P=14Nr'Q.v. Nr‘P=2, 
Dem. 
b. #20446. Db: Hp. E! BP. d‘Pvel.>d.(qQ).Nr'P=i14+NrQ (1) 
b,#1612. Db:q!P.Nr‘PH=itNr'Q.3.q!Q (2) 


F.(1).(2). D+: Hp. EIBiP.d‘Pvel.D. 
(qQ)-@!1Q-Nr‘P=i4+NrQ (8) 
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F. #204272. >+:Hp.d‘Pel.3.Pe2, (4) 
+.(8).(4). Dk:Hp.E!BP.: 
(qQ).4!Q-NrP=14Nr'Q.v.NrP=2, (5) 
b.#181111232. 9+: Nr‘P=iiNrg.>d. 
(aR, 2). RsmorQ.z~re OR, Nr‘P = Nr“(z - R) (6) 
F.e1611512. 3b. qiR.zweOR.D: EIB (zp R): 


[1515] 2: Nr P=Nr(eet R).D.EIBEP (7) 
.(6).(7). Dk: NefP=itNrQ.G!Q.3.E! BP (8) 
#153281. 3+: Pe2,.3.E! BOP (9) 


b.(5).(8)- (9). DE. Prop 
#204481. F:: PeSer. 3: 


E! BP. =:(qQ).q!Q.NvP=NvQdi.v. NrvP=2, 
[Proof as in *204°48] 


#204482, bi:aeNor“Ser.D:.aCd‘°Bir=:qland‘B: 
=:(q8).-BeNR-¢0,.a=i148.v.a=2, 
Dem. 
b.4151'5 .415513.3+:. Hp. dra Cd‘B.=.qtand‘B (1) 
F . #204°23'48 . Dt::Hp.Pea.di 
E! BP .=:(q8).BeNR-10,.a=148.v.a=2, (2) 
b. (1). (2). #20252... Prop 


#204483, Fi:ae Nor Ser.3:.aC0(B|Cnv):=:q!an G{B|Cnv): 
=:(q8).BeNR-10,.a=@B+i.v.a=2, 
(Proof as in *204°482] 
The following propositions are concerned with the application of relation- 
arithmetic to series, 


#2046. +:P,QeSer.C’PnCQ=A.=.PHQeSer 
[%200'4 . ¥201-401 . #202-401] 


#20451. +: PeSer.aneCP.=.PpaeSer.=.2¢PeSer 
[*200°41 . #201°41 . *202°412) 


420452. +: Pe Rel?excl a Ser. C*P CSer. >. S'Pe Ser 


Dem. 
+. *200°42 .*20262.3F:Hp.d.2°PGs qd) 


F. (1). 201-42 . #20242. DF. Prop 


#20463, +:.PeRelPexcl. Awe O'P.3:3'Pe Ser. =. PeSer.C*PC Ser 
Dem. 

F. #200423. 3D: Hp. *PeSer.3:P GJ: () 

[200-421] D:QeCOP.3.Q= (SPIE CQ. 

[2044] 2. QeSer (2) 
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F.*16213.3 

ki. Hp. 3'PeSer.QPR.RPS.ceCQ.yeCOR.izeOS.D:0(2P)e: (8) 

[416213416311] 3: (qM,V). MPN. we CM. 2eON.M=Q.N=S.v. 
(qM).MeC'P.cMz.M=Q.M=S8: 


[#1322195] 2:QPS.v.Q=8 (4) 
F. (3) 50°24, 42437. k: Hp(3).d.0QnOS=A, 

[42457-43037] 2.Q48 (5) 
+ .(4).(5). +: Hp. 2*PeSer.3:QPR.RPS.3.QPS (6) 
b.*1621.3:, Hp. 3‘PeSer.Q,ReCP.ceCP.yeCQ.QtR.diaty: 
[#202104] D:0(SP)y vey (SP) a: 
(#162'13.4163-11] >:QPR.v.RPQ (7) 
+. (6).(7), DF: Hp. 2*PeSer. >. Pe trans n connex (8) 


b. (1). (2). (8) #20452... Prop 


#20454. +: Pe Rel*arithm n Ser. C‘P C Ser . C°S‘PC Ser. >. 3'E‘P Ser 


Dem. 
+. ¥20452. Db: Hp. >. 3‘P eSer qa) 
F.#l743. DE: Hp.d.2‘Pe Rel? excl (2) 
F. (1). (2). #20452.D4. Prop 


#20455. +: P,QeSer.3.Qx PeSer 


Dem. 
F. #165°27 . #20422, Dh: Hp.drqgiP.d.P13QeSer qd) 
F. #165-26. #20422. DbiHp.>.CP lige Ser (2) 
F. (1). (2). #16521 . #20452. 5+: Hp.giP.. EP {3QeSer. 
[*166'1] 2>.Qx PeSer (3) 
F. #166713 . #20424. DF: P=A.3.Qx PeSer (4) 


F.(8).(4). DF. Prop 
#204651. Fi.) Pog! Q.3:Px QeSer.=.P, QeSer 


Dem. 
b.#165°21-212.>h:.Hp.: Pt 3Q « Rel? excl. AneCP 15Q: 
[*204°53.%166-1] D:PxQeSer.=.P J 3QeSer. OP 13QC Ser. 
aS aid 


[%165°27 204-22] »P,QeSer:. +. Prop 


#20456. F:C°PCRIV.3.0°PGS 
Dem. 
F.#l7211. Db: M(IEP) NV. D. (GQ). Qe CP. (MQ) Q(N'Q) (1) 
b.G). Dbz. Hp. 3: MUP)... (qQ). MQ4.N'Q. 
[*30°37. Transp] >.M+4Ni.3+.Prop 


SECTION A] ELEMENTARY PROPERTIES OF SERIES B37 


#204561. |: PeSer. OPC Ser. >. IP e RIS a trans 
Dem. 
F.¥20045.2he Hp. ds. L(P)M. MP) N.22 
(GQ, R)-Q Re OP. (LQ) Q(MeQ). (MR) RR). LEPQ= MPBQ, 
MP P*R=NPPR: 
[#20412] 
>: (AQ, R):Q=R.v.QPR.v. RPQ:(L'Q) Q(M'Q)- (MR) RR), 
LP PQ=M} PQ. MPP R=NP PR (1) 
b.42041.3+: Hp. L(I‘P) M. M(I‘P) NV. 5 a 
Q=R.(L‘Q) Q(M‘Q).(M‘R) RNR). LE PQ= Mp PQ. 
> ~ > > 
MP P'R=NPPR.>.(LQ)Q(N'Q).LEPQ=NPPQ (2) 
+. #20433. > 
F: Hp. L(II‘P) M. M(I‘P) N. QPR.(L‘Q)Q (MQ). (M‘R) R(N‘R). 
> > > =~ 
Lt PQ=MtPQ. MP PR=NPPR.D. 
Lr PQ= NPQ. MQ= vg. 
(*1312] J. LE PQ=NPPQ.(LQ) Q(N'Q) (3) 
F #20438. > 
bt: Hp. L (UP) M.M(I‘P) N. RPQ. (LQ) Q (MQ). (M‘R) R(N‘R). 
Lr PQ=MPPQ.MPPR=NPPR.D. 
Ll PR=NPPR.LUR= MR. 


[a1312]  D.LPPR=NPPR. (LR) RNR) (4) 
F (1) (2) (8) « (4) « #20048 . > 
bs. Hp. 3: L(I'P) M.M (IP) ND. L(1P) (5) 


b. (5). *204°56. 34+. Prop 

In order to prove that [I‘P is connected, we require a further hypothesis, 
namely that P is well-ordered, i.e. that every class contained in C‘P and not 
null has a first term. 


#204562, :.C’P CSer:aCO'P.g la.D,.qia-P“a: >. T1‘P econnex 
Dem. . 

b. «172-11. *33°45 . Transp. > 

b::Hp.3:.MNeOMP.M4N.3:(qQ).QeCP. MQ4NQ: 

[Hp] D:(qQ): Qe OP. MQ+N'Q: RPQ.Dp-MR=NR: 

[204121417212] D:(qQ): Qe OP (MQ) Q(N*Q).v .(NQ)Q (MQ): 
RPQ.3p-MR=NMR: 

[al 7211] 2: M(IKP) Nov. N (UP) M (1) 

b. (1). #202104. DF. Prop 

#20457. b:.PeSer.0'P CSer:aCOP .qla... qla— Pa: >. IIlP eSer 

[*204°561°562] 
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«20458. +:.Pe Ser. C‘PC Ser. C°2‘PC Ser, Pe Rel? excl: 
aCOS'P.qia.d..qla—(Cav's'P) a: >. SP, WIP e Ser 
Dem. 


F. #20452. D+: Hp.>.2‘PeSer q) 
F.(1).820457. Db: Hp.d. WS'PeSer (2) 
bk. w17425. D:Hp.d. M‘S*P smor I‘M3P (3) 
b (2). (3) .#20421.3+: Hp. >. UP Ser (4) 
F.(2).(4). +. Prop 

#204581. | : Hp #20458. 2°P ¢ Rel? excl . >. Prod‘Prod3P, Prod‘2‘P ¢ Ser 
[¥174-461°43 . #2045821] 

#20459. bie P, QeSeriaC CQ. gta... gla Qa: Ds 

P® ¢ Ser .(P exp Q) eSer 
Dem. 
b. ¥165°27-241 . *20422'24.3+:Hp.3d. Pi 3Q Ser (i) 
F .¥165°26 . #20422. Dt:Hp.d.0P b 3Q C Ser (2) 


.#150-22.47147. +: COP {30.9 18.3-(ga).aCOQ.qia.B=P fa: 
[Hp] Dh Hp. COP {3Q.918.3.G@qa)-gta-Q"a.B=P fa (3) 
b.a8745.Dhigta-Qua.s.qt PL (a—QMa) (4) 


F. (4) .471381 .¥165-22. bq iP. gla~Qa.D.a!P | q— PL «Qa (5) 
: 4 
b.72'503. 416522. Dhegq!P.D.a=(Cnv'P | )\“P | a (6) 
ie 


F -(5).(6) Dh! Pg ta—Qa.D.GIP | “a~P | «Qe(Cov'P LP | a, 
[*165°18] D.giP | “q— (CovtP LiQyeP } “qa (7) 
F.(3).(7).- DF: Hp.giP.d: 

BCOP 13Q.q18.9.q18—(CaviP 13Q)8 (8) 


F. (1). (2). (8). #204°57 . Dri Hp. gq! P.>. MP {iQ eSer (9) 
F.(9). #176182 . #20421, 3+:Hp.q!P.3.(PexpQ)eSer (10) 
b. #176151 .420424. Db: P=A.D.(PexpQ)eSer (11) 
+.(10). (11). Db: Hp.d.(Pexp Q) «Ser (12) 
F.(12).¥176-181 «#20421. Hp.d. P? e Ser (13) 


F.(12).(18). 3. Prop 
The two following propositions are lemmas for *204°62. 
#2046. +: Petrans.D.au Pa Cp Pp Pia 
Dem. 
F.*4053.D bia ep'P*p Pa 1Bry ep’ Pa Dy yPas 
[*40°51] =1nzea.d,.yP2idy.-yPx (1) 
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F.#10°26.3hi.2ea:z2ea.3,.yPs:>.yPe: 


[Exp.(1)] Dk: x%ea.3 wep PM pi Pig (2) 
F.xl01. Dhiuca.uPaizea.d,.yPzi3.yPu.uPsr (3) 
bh. (8). #2011. 3b:: Hp. ds. wea.uPorzea.2,.yPz:D.yPas 
[*87-105] Di.06P arzea.d,-yPzid.yPa. 

v) <--> 
[Exp.(1)] D:.26Pa.d.xvep Pp Pa (4) 


F. (2). (4). DF. Prop 
-- v 
#20461. F: Pe RIJ mconnex.>.O'P n p'Pp\P\(an OP) Cau Pa 


Dem. 
F.¥200°5.Db:Hp.d.p'P(an OP) np Pp’ Pan OP) =A. 
[#24311] ») p Pp Pa aCP)\C —pP(a aCP), 
[#2248] >. 0'P ap Pp! P “(an OP) COP — p'P“(an CP) 
[#24°43.%202°505] Cav Pa: D4. Prop 


-- v 
#20462. +: PeSer.3.C'P a p'P“p'P (an CP) =(an CP) uv Pha 
Dem. 
y eo 
b. #2046. 487-265. 4: Hp. d.(an OP) u Pa p Pp Pan OP) (1) 


k .#37°16 «2243. DE. (an OP) vu Pha COP (2) 
~- > y 
F. #20461 . #2243. 5+: Hp.3.C'Pa pti Pp! Pan CP) Cau Pan OP. 
- ~~ y 
[*37°16] D.OP n pi Pp Pan OP) C(an OP) u Pa (3) 


b.(1). (2). (8). . Prop 
=> <-> y 
#20463. §:'PeSer.q!p'P“a.3.p'P“p'P a=avu Pia 


Dem. 
F, #4065. Transp .3+:Hp.d.aC CP qd) 


= 
b. 40°62. Dk: Hp. >. p' Pp Pac OP (2) 
F . (1). (2) « #20462. F . Prop 


37 e = 
#20464. :PeSer.xveD‘'P.5.p'P 'Pia= Pyfa 


Dem. 
ae 
b.*40°62. DF: Hp... piP*P aC OP (1) 
ae 
b. #4051. Dhi.zep PMP a. =:12Py.Dy.2Py (2) 
ae 
F.(2).*50°11.5b:: Hp. ds. 2ep'P“P%e.d:@Py.d,.24y! 
[{(1).*202°103] D:2Pe.v.2=e8 (3) 
_ 

F.#201521. Dt: Hp.d:.2ePyie.=:2Pa.v.z=a: (4) 
[201-1.#13°12] DiaPy.D.2Py: 


> ee 
[(2)] Dizep PM Px (5) 
F. (8)«(4)«(5) «DF. Prop 
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The following proposition is used in *#234°101, 
ae > 
#20465, +: PeSer.reC'P.3.p'P Pan OP = Py 
Dem. 
ae 
b. 4402. 3b: Hp. ave DIP. 9. pP OP an OP = OP 
> 
[#20411] =Pevu ite 
~ 
[201-521] = Pyfa 
ae > 
b. 40°62 . *#20464.95+: Hp. we DP. 3. p'P Pan OP = Pyin 
F.(1).(2).D. Prop 
42047. +: PeSer.d. Piel [#201°63 . *202°7] 
On this proposition, compare the remarks preceding *201°6. 


> > 
«20471, b: PeSer.aPyy.3.Pfy=Paut'e [#20272 .*201-63] 


#20472. b::PeSer.3:.0Piy.=:@Py:aPz.2+y.3,.yP2 
Dem. 


F. #20163. Dt: Hp.d:ePyy.>.0Py 
F. #20471 .#121:26.3:.Hp.2P,y.3 Pig Pry VLys 
[#24°43.432°181] D:aP2.2Fy.9,.yPz 


b.¥24-43 432181. Db ra Pe ety. d,.yPe1d. PwCityu Pry 
- 2 
F. (8). *200361. Dh: Hp:aPz.2+y.,.yP2:3. Pan Py=A, 


[34°11] 3. (aPty) 
F. (4). Fact. 3b: Hp: a@PyieP2.z2ty.3,-.yPz2i3.0(P+P)y. 
[*201°63] D.aPyy 


F.(1).(2). (5). DF. Prop 
The above proposition is used in #27423. 


(1) 
(2) 


Q) 


(2) 
@) 


(4) 
(5) 


#205. MAXIMUM AND MINIMUM POINTS 


Summary of #205. 


The minimum points of a class a with respect to a relation P are those 
members of a which belong to the field of P but to which no members of a 
have the relation P; that is, they are those members of a which belong to 
C*P but have no predecessors in a, Similarly the maximum points of a are 
those members of a which belong to C‘P but have no successors in a. Both 
these notions have been already defined in *93, but they were there only 
used for the special purpose of studying generations. Their chief utility is 
in connection with series, and it is in this connection that we shall now 
consider them. Many of the properties of maxima and minima in series do 
not demand the whole hypothesis “P e Ser,” but only “P ¢connex.” This is 
the case, in particular, with the fundamental property of maxima and minima 
in series, namely that each class has at most one maximum and one minimum. 
The minimum of a class, if it exists, is the first term of the class, and the 
maximum, if it exists, is the last term. The maxima with respect to P are 


the minima with respect to P; hence properties of maxima result immediately 
from the corresponding properties of minima, and will be set down without 
proof in what follows. 


Ti will be seen that the maxima and minima of a depend only upon an CfP: 
the part of a (if any) which is not contained in CP is irrelevant. 
In accordance with the definitions of *98, the class of minima of a is 
=> 
denoted by minp‘a, where 
~ 2 
minp‘a =(an C'P) — Pia, 
the definition being 
minp = 24 {a e(an OfP) — Pa}. 
Thus minp is @ relation contained in « When P is connected, we have 
_ 
minp'ae0v 1, te. (by *71°12) 
minp e 1 > Cls. 
It follows that, if « is a set of classes which all have minima, minp[« is a 
selective relation for «, 2. 
minpf me €a‘x. 
Owing to this fact, the existence of selections can sometimes be proved in 
dealing with series (especially with well-ordered series), in cases where such 
proof would be impossible if no serial arrangement were given. 


> 
The definition of minp is so chosen as to exclude from minp‘a whatever 


=> 
part of a is not contained in C“P, and to make minp‘t‘a = ta, 1.6. minp‘t‘a = a, 
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provided weC‘P.~(aPx). For these two reasons we have to reject two 
simpler definitions which might otherwise be thought preferable. One of 
these would give 

coed v 

minp‘a =a— Pa, 
which might be obtained by putting 

minp=ete|P Df. 
This agrees with our definition whenever aC O*P, but not otherwise, since it 
includes in minp‘a any part of a not contained in C‘P. Hence it necessitates 
the hypothesis a C C*P in many propositions which, with our definition, do not 
require this hypothesis, and in particular in the proposition 
Peconnex.)>.minpfae0v 1, 

so that instead of having (as with our definition) 


Peconnex.>. minpe1l >Cls 
we should only have 


P econnex. >. minpf Cl\C'P e1 > Cis. 


For these reasons, this definition is less convenient than the one we have 
adopted. 


The other definition which suggests itself is one which will give 
> 2 
minp‘a= BYPL a. 
If this definition were adopted, we might dispense with a special notation 
> > 
altogether, using B‘Pfa, B‘P[ a in place of minp‘a, minp‘a. This definition, 
however, has the drawback that, ifae1 and PCJ, 


Pha=A, 
so that we have 


ind 

minp'a=A when ael.aC OP. 
This necessitates the addition of the hypothesis a~e1 (as in ¥204-45 above, 
for example) in cases where, with our definition, no such hypothesis is 

> > 
cequired. If we take B‘a1P, instead of B‘Pfa, as the class of minimum 

ev 

points, we secure minp‘t‘s =a when P GJ and xe D‘P, but not when we BSP 
Thus we still have exceptions to provide against which do not arise with the 
definition we have adopted. 


The first few propositions of this number have already been proved in *98, 
but are repeated here for convenience of reference. 


The propositions of this number are numerous and much used. Among 
the elementary properties of maxp and minp with which the number begins, 
the following should be noted: 


ake 
*20512. +. BSP = minp'D*P = minp'OP 
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ay 
#205123. |: maxp'a=A.=.anO*PC Pa 


> > 
#20514. |. minpa=2{zean OfP.an Poe=A} 
> ~ 
#20515. -.minp{(an CSP) = minp‘a 
2 
#20516. |.minp‘A=A 
#20518. bi~(2Par). ce CP. 2. minp‘ts = maxpt's =a 


= ? er a 
*205°19. +: Petrans.>.minp‘a= minp(a v Pa) = minp Py a 
#*205°194. t:@minpa.Dd.0(*Px) 

Owing to this proposition, we can sometimes dispense with the hypothesis 
PGJ in propositions about minima which would otherwise require this 
hypothesis. 

~ 
*205°197. t:. Pe RJ a trans. Jive C’P. =. e=maxp(P'x v i'r) 

Our next set of propositions (*+205°2—27) introduces the hypothesis that 
P is connected, or transitive and connected. The chief of them are 
*205-21. +: Peconnex.E! minp‘a.yean CCP —tminp'a. >. minp‘a Py 

Je. if the minimum of a exists, it precedes every other member of an C*P. 

y = 
#205°22. +: Petransn connex.E!minp‘a.3.P“a= P*minp‘a 
Ze. the terms which come after some part of a are those that come after 
its minimum (when the minimum exists). 
an <-— 
#20525. |. minp!P‘a =(P+ P*)'x 
We have next the fundamental proposition: 
> > 
*205°3. +:Peconnex.>.minp‘acOvl.maxpaeOvl 
whence 


#*205°31. +: Peconnex..minp, maxpe1—Cls 
which leads to 


#20533. +: Peconnex.«C U‘minp.>. minpf «eea‘« 
This proposition is useful in the theory of well-ordered series. Observe 
that “«CC‘minp” means that « consists of classes which have minima. 


We have next a set of propositions (*205°4—'44) dealing with the 
relations of minp‘a to B‘P[ a and BaP; next we have propositions on the 
relations of the minima of two different classes, of which the most useful is 


*205°55. +: Peconnex. B’Pea.>. BSP =minp‘a 
=~ 
We have next various propositions on p‘P‘(a m O*P), of which the chief is 


= 2 
#20565. |: Petransa connex.E! minp‘a.>.p*P (an CP) = P'minp‘a 


Ie. the predecessors of the whole of a class contained in C*P are the 
predecessors of its minimum (if it has one). 
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A useful proposition is 
Di ie aad 
#205°68. 1: Pa Ca. >. minp‘a= min (P,,)fa 

Le. if « isa hereditary class, its minima with respect to P are the same 
as its minima with respect to Py,. 

We prove next that if P‘a has a maximum, so has a (*205°7), and that 
if Peconnex, only a unit class can have its maximum identical with its 
minimum (*205°73). 

#*205°8—'85 are concerned with relation-arithmetic. The chief proposition 
here is 

a med ard 
«2058. +:SePsmorQ.>. minp‘a = S“ming’ Sa 

Ze. in any correlation, the minima of the correlates of a class are the 
correlates of the minima. 

We end with two propositions on relations with limited fields. The more 
useful of these is 


~ 
*205°9. +: Peconnex.«CC'P.nvel.3.min(P[ «)a= mia n.«) 


42051. biaminpa.=.cean(*P— Pia [#93+11} 
#205101, tiamaxpa.s.cean(*P—P“a.s.emin(P)a [#93115] 
205102, +. maxp=min(P) [#93-114] 
we 5 
«20511. +. minpfa=an OP — Pa [*93°111] 
—s 
#205111. |. maxpa=an OP — Pa [{*93°116] 
= ~ > 
#20512. |}. B¢P =minpD‘P = min OP [¥93-112] 
23Yy 7S > 
4205121. |. BYP = maxp'C'P = maxpC"P [*99-117] 
4205122. t: minpfa=A.2.an OPC Pte [#205°11 . #24'3] 


4205-123, H:maxpa=A.=.an CPC Pa 

420513, Feminpfau Pta=(anCP)u Pa [422-91 . #20511] 
#205181, |. maxpfav Pa =(an OP) v Pha 

420514. be minpa=8{weanO'P.an Pin=A} [437-462 . #20511] 
4205141, +. max;‘a=3 {reanC'P.an Pe= A} 

#20515. .minp(an C'P)=minp‘a [437-265 . 205-11] 
#20151. +. maxp'(an O*P) = maxp‘a 

420516. +. mingfA=A [205-11 . #2423] 


4 
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as 
maxpoA=A 


#20517. bi. ce(anC'P).3,.~(ePa)ianC’Pel: 3. 
= 


Dem. 
1314, 
F. 45216, 


> 
minp‘a = maxp'a=an ({P 


Dh:.Hp.Ddivea.cPy. Dey FY () 
Dh: Hp.diayeanOP.dy.e=y (2) 


+. (1). (2).4#88°17.3:.Hp.dicea.vPy. Dey. yrea: 


[*37-1] 
[#22811] 


3: PaC—a: 
DJ:aC—P a (3) 


+. (3).#205°11. 3+. Prop 
#20518. b:~(¢Pa).aveC’P.3.minp te = maxpta =a 


Dem. 


fF. 
fF. 


#205181. F: 


ed aed 
4#205°17,3+: Hp. >. minp te = maxp't'a = ta (1) 
(1). #53'4.9 +. Prop 
wPy .~(2Px).~(yPax).>.minp (av ty)=a 


Dem. 
b.4#37°105. Db: Hp. Dd. ave PCa ty) ye Pulau ty) (1) 
b.48317. DksHp.d. tu uy COP (2) 


b.(1). (2). #20511. Hp. D. ming (te vty) = ee: DE. Prop 


#*205°182. +: 


PGS. a2Py.d.minp (te v ty) =a 


Dem. 
b . #200°36 . #5043. 3+ :Hp.d.~(@Pw).~(yPx) (1) 
F.(1). #205181. +. Prop 
#205183. b:. P?C J. Peconnex.a,yeO'P.3: 
minp (te v uy) =a... minp (Ue viyy=y 
Dem. 
+.*202103.3:.Hp.dia=y.v.cPy.v.yPx @)) 
+.*20518. Dt: Hp.c=y.d.minp (ta vty) =a (2) 
+. #205182. 9+: Hp.oPy.3. minp (ie v uty) =a (3) 
F.#205°182.3+:Hp.yPa.D.minp(ee vi'yy=y (4) 
+ .(1).(2)«(3).(4). DF. Prop 
> > v > 
#205-19. +: Petrans. >. minp‘a = minp(av Pa) = minp’ Py a 
Dem. 


b. #20511. 


= v v v v 
DF. minp(av PMa) =(au Pa) a OP — P (au Pa) (1) 
ens v v v 


F. (1). #20155. 3h: Hp... minp(a v Pa) = (au Pa) CCP — PH'a 


[422-9] 
[205-11] 
R&w il 


=an OP — Pug 
~ 
= minp‘a (2) 
35 
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+. #20152. *37'265.3+:Hp.>- Pyke =(an0P)u Pea aC'P). 


{(2)] >. minp' Py Ma = mingt(a n OP) 
[*205°15] =minp‘a (3) 


+ .(2).(3). +. Prop 
> > > 
#206191. +: Pe trans. >. maxp‘a = maxp(a v Pa) = maxp'Py‘“a 
v > > 
#205°192. +: Petrans. 8 C P‘a.>.minp(av 8) = minpa 


Dem. 
F #20511 . *201°56.9 


t:Hp.>.minj(av B)=(av A) a OP — Pia 


[x22'68] =(an OP — Pte) u (Ba OP — Pa) 
[#243] =anO'P—P \a 
[*205-11] =minpfa: Dk. Prop 


> > 
#205193. +: Pe trans. 8 C P“a. 3. maxp(a v 8) = maxp‘a 


#205194. +: a minpa.2.~(a@Px) 
Dem. 


#87105. Dh.cea.ePa.d.ve Pa Q) 
+. (1). Transp. 3+: cea—P a. .~(a@Px) (2) 
b.(2).#205°1. DF. Prop 
F: 


#205:195. F: a maxpa. 2 .~(x2Px) 


*205°'196. +:. Pe RJ n trans. Dive C'P.=.2=minp (te vu Pra) 
Dem. 


> <= > 
+. #20519. :. Hp. 3: minp (ce v P'a) = minp‘t*e: 


[4205-18] D:aeOP.>. ming (ev P'a)=2 (1) 
b.205°11. 3b: minp(u'e v Pia) =0.D.0e0'P (2) 


F.(1).(2). 3+. Prop 
#205197. + :. Pe Ri Jn trans. Di veO’P.=.¢= apr Wy) 


#2052. +:.Peconnex.E!minp'a.yeanC’P.3:minp‘a=y.v.minp'aPy 
Dem. 
+. #202103.3+:.Hp.3:yP minp‘a.v. minpa=y.v.minp‘a Py (1) 
b.#20514. D+: Hp.d.0(yP minp‘a) (2) 
+. (1).(2). 34. Prop 
In the remainder of the present number, when a proposition has been 


proved for minp, we shall not state the corresponding proposition for maxp 
unless it is specially important. When propositions concerning maxp are 
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required for reference in the sequel, we shall refer to the corresponding 

propositions for minp, in case no reference exists for maxp. 

#20521. +: Peconnex.E! minp‘a.yean C’P —e'minp‘a. D. minp‘a Py 
[205-2] 


#205211. + : Pe trans n connex. E! minp‘a. ye Peg +2-minp‘a Py 
Dem. 


+.437105. 3b: Hp... (qv). cea. ePy (1) 
F.«1313. Dbkrcea.¢Py.¢=minpa.D.minp‘a Py (2) 
b.4205°21.D+:Hp.cea.aPy.o+minpa.>.minp‘a Po. xPy. 

[Hp.#201-1] >. minp‘a Py (3) 


F.(1).(2).(8). 34+. Prop 
v _ 
#20522. +: Petransn connex. E! minp‘a. >. Pa= Piminpa 
[205-211 . 37-181] 


=v 
«20523. +:Peconnex.ceD‘P.ye BSP.D.xPy 


Dem. 
b,*93101.3+:Hp.d.cty.~(yPu). 
[*202°103]} D.2Py:D+. Prop 


a 
#20524. +: Peconnex.>.BSPCp'PD‘P [*205-23] 
> > 
4205-241. t: Peconnex.>.BSPCp‘P“A'P [Proof as in #20524] 
7a & — 
#20525. +. minp’P'a =(P+ P*)‘e 


Dem. 
37> e& © YX 
b. #20511. 3+. minp’ Pa = Pla — PMP 
& € 
[*37°301] = Pa — P¥a 
ean 
[*32°31:35] =(P+P*)e.>+. Prop 


The following proposition is used in the theory of well-ordered series 
(250°2). 


4205251. big! mins Pe. =.0eD(P+P%) [*205-25] 
4205-252, bmp tmanp Pe. =. ne (PP?) 
#205-253. +: Peconnex. E! BSP.3.C°P = PRP [#202°524] 
4205-254, |: Peconnex.E! BP. >.minp'U'P= P= P* BP [¥205-253°25] 
4205-255, big !minC'P.>.q! BP 
Dem. 

be 493101. D+: BP =A.D. DPCP. 

[437-271] >.0'P=PHuP, 

[#205122] Dv min OP =A (1) 


+.(1). Transp. 3+. Prop 
35—2 
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#205256, ts. PeSer. >: 
Et min‘ .=.E! PB. =. minpU'P = Py BP 
[205-254-255 . #20163 . #202°52°7] 
420526. +:QGP.2.minpf ClC"QE ming 


Dem. 
b.487-201. 3h: Hp.a COQ. 3: QaC Pa.aCCQ.aCOP: 
[Transp.*22°621] D3: a— Pa Gee Qa ea=anlQ=anC'P: 
[*205°11] 2: minp‘aC ming‘a: 
[*32:18] D:aminpa.d.eminga:. I+. Prop 


> > 
«205261. t : PT Beconnex.8@n O'Pvel.D.min (Pt 8)‘a=minp(an 8) 
Dem. 
+. %205°11 . #202'54. *37°413 . #38634.) 


> v 
t:Hp.>.min(Pf £)a=an BnO'P— {Ba P (an B)} 
> 
[#22-93.%205°11] =minp(an 8): 3+. Prop 
*205°262. |: Petrans nconnex.reanC'P.B =Pe vie.d, 


=. med 
minp‘a = minp“(an 8) 


Dem. 
+ .438218.3b:.Hp.yea.yPa.diyeanB: 
[¥87°105] D:yPr.D.26 P“(anB) (a) 
b.e51 15. 5b: Hp. yea.y=u.d:yeanQR: 
[87-105] DiyPz.d.26¢P“(anB) (2) 
F. 45115. %201:1.3+: Ap. yea.aPy.yPz.>.cea.aPz. 
[*37-105] D.26P*(an B) (3) 
F .(1).(2).(8) .*202°103.3 i.Hp.Diyea.yPz.d.26eP(anQ): 
[«37-105-2] 2: Pa= P(an B) (4) 
F.#37°181 . #202101. Db: Hp.d. Pia Pa. Piae OP —B. 
[422-82] >.CP— Pace. 
[¥22-621.(4)] >.C'Paa—P*a=OP nan B~ Pang). 
[205-11] >. minp‘a= minp\(an ): D+. Prop 


> 
#20527. +: Petransn connex.czean(d'P.p=Pavuie.d. 


> > > 
minp‘a = min (Pf 8)‘a= minp(an f) 
Dem. 


b.x5241.9: Hp. Petifa.d. Brel. 
er ind 
[*205'261] D>. min (Pf 8)‘a= minp(an 8) (1) 
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> eq 
+.*202101.>+: Hp. P&=i%@%.3.C'P-te=P%.cPr, 


[37-105] >.0PCP“(an 8). 

[*205-122.%37-413] >. minp(an B)=A.min(Pt Bas A (2) 
“> 

F. (1). (2). ks Hp. >. min (PE 4)‘a= minp‘(an A) (3) 


F . (3). *205-262. 3+. Prop 
The above proposition is used in *250°7. 


> > 
#2053. +: Peconnex.>.minp‘acQ0 ul. maxpfacOul 


Dem. 
+. #205°11.3 Eavmeyeminste, Dia,yeanCPi zed. d,.~(¢Pz).~(zPy): 
[#10°1] Diayean CP .~(yPx).~(xPy) (1) 
a 

+. (1). *202'103.3+:.Hp.D:a,yeminpa.d.c=y: 
+ 

[#5241] D:minpaeOvul (2) 
> 

Similarly bi. Hp. >: maxpacOul (3) 

+ .(2).(3). DF. Prop 


The above proposition is of great importance in the theory of maxima and 
minima. 
#20531. :Peconnex.3.minp,maxpel—»>Cls [*205°3 . #7112] 
> 
#20532, :. Peconnex.3:q!minp‘a.=.E!minp‘a.=.aeC‘minp 
[*205°31 . #71°163 . 433-41} 
#20533, +: Peconnex.«C A‘minp. >. minpf« ¢ ea‘« 


Dem. + .#205'31.3+: Hp.2. minpf«e1—Cls qd) 
b.«2051. Jt: Hp.d.minpfeCe (2) 
b.«85°65. It: Hp.d.d‘minpfe=« (3) 


b. (1). (2). (3). #8014. D+. Prop 
#20534. +: Peconnex.«C U‘minp.>.«eCls* mult [%205°33 . *88:2] 
The following proposition is used in *260°17. 


#20535. bi: P?GJ.Peconnex.3:. 
w= minp'a.=tavcan*Prycan C{P —ta. Dy. Py 
Dem. 
+, #20531 .*71°36.Db:: Hp.3:.2=minp‘a.=:eminpa: 
[#205°1.*37°265] = sce anO'P—P (an CP): 
[*37°105] siveanOPryean CP. d,.~(yPa): 
(#51-221J=iaeanOPiy=a.dy.~(yPa): yeanO'P—t'@.Dg.~(yPa2) (1) 
b. *20036.3t: Hp.d:yPz.3,,.y#2 
[Transp.*10°1] Diy=a.Dy.~(yPax) (2) 
F.(1).(2).3bi: Hp.3:. 
e=minpa.=:veanlPiyean OP ~te.d,.~(yPa): 
[*202°5] sirameanCPiyean OP — tw. d,.0Pyi: D+. Prop 
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> 

#20536. +: Pe trans connex. >. minp‘a C p’Py“(an OfP) 

Dem. 
b .«205°2.#201'18.3+3. Hp.2=minp'a. 3: ye(anO*P).Dy. 2Pyy:. IF. Prop 

The above proposition is used in #230°53. 

= 

*205°37. ':Petrans. maxp'a=A.D. Pya= Pa (#201°52. #205123] 

The following proposition is used in *257'21. 

~ > 

#20538. §:P,GJ.D. pa p'Py@pC min (P,,) 

Dem. 
+ .#200°381.Dh:: Hp. Di.vep.D,-yPyei dive ps Dger(P yoy) i 

> v 
[#40°51.437-105] Dip Pye C— Prop ayy 
> 
b.#4062. Dbl wed. p Py COP (2) 
b.x2412. Dbragip. dpe OP (3) 
~ v 
F.(1)-(2).(8)- Db: Bp. Dd. pnp Py pC pn CP — Pro 
> 
[*205-11.%91°504] Cmin(P,.)f4: D+. Prop 
> = < 

#205°381. +: PG J. maxp’ p= A.D. p Py = pi Py pe 

Dem. 


v 


P Sc 
+ #20538 5.3: Hp.d. pn pPy woh (1) 


b .(1).#40°53 . #2437 .D 
e 
bi: Hp.d:.cep’Py py. 


BryepeDy-yPyu.ysat 
[*200°38] Sryewsdy YP ye! 
= 
[#40°53} sraep'P,, “wir Dt. Prop 


The three following propositions lead up to *205°42, which is used in 
#261°26. 


> = a 
42054. $:C'Pel. 3. BSP=A.BP=A 


Dem. 
b. 456381 .455'15.3+:Hp.d.(qaz).D Pate. dP =e. 
~> ey 
[%93-101} 3. BSP=A.BSP=Ai3D+t. Prop 


4205-401. big BPE a. D.an OPre0ul. OPLavedul 
Dem, 


+. #2054. Transp. +:Hp.3.C’Phavel qd) 
F . #93103 . Dk: Hp.d.qiCPla (2) 
F.(1).(2). Dt:Hp.d.C’PhaxcOul (3) 
be aBT-41. DE.OPEaCan OP (4) 


+. (4). 6032371 -Transp.3+:C’PLa~e0ul. dian OPreOvul (5) 
+ .(3).(5). 3+. Prop 
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The following proposition, besides being required for *205°42, is used in 
#250°151. 


> => 
#20541. +: Peconnex.anC'Pvel. >. minp'a= BYPT a 
Dem. 


b #202°54. DhrHp.d.0Pha=an cP (1) 
+. 87-41. Db. d'Pha=an Pa (2) 
F . (1). (2) « #93°103 . > br Hp.2. BPP aman OP -(an Pet) 
[*22°93.%205°11] =minp'a: J+. Prop 


#20542. +: Peconnex.E! B'Pfa.>. BYPE a= minp‘a 
Dem. |.#*205°401.3+:Hp.d.anC’Prel. 
~ > 
[*205°41] >.minp‘a= BYPf a (1) 
F.(1). #3241. 5+. Prop 
The following proposition leads up to *205°44. 
> > 
#20543, +: Peconnex.qianD‘P.5. minp‘a = Bla} P 
Dem. 
> vu vu os 
F.#205°11. Dt. minpfa=(an D‘P— Pa) vv (an BYP — PM a) 


> sue 
[#35°61.#37-4] = Bra Pu (an BP — Xa) a) 
+. 420523. Dt: Peconnex.ceanD'P.yeBP.D.2ea.aPy. 
[437-1] DiyeP“a (2) 

vie 
b.(2).41023.3b:Hp.>. BPC Peta. 

ee) 

[424-3] Dan BP —Py=A @) 
F.(1). (8). 94. Prop 


#20544. +: Peconnex.E! Bia{P.>.minp'a= Bla] P [*205°43 . *382-41] 
The following propositions deal with the circumstances under which the 
minimum of one class is identical with, or earlier than, that of another. 
#2055. +:Peconnex.aC8.minp’Sea.>.E!minp‘a. minp‘a= minp'8 
Dem. }+.*37°2. Transp. +:Hp.3.—P“@C— Pa. 
[*205-11.Hp] D.minp*Bea— Pa. 
~ 
[*205°1] >. minp’@e minp‘a (1) 
b.(1).#205°3.DF. Prop 
= 
#205°501, + : P econnex. minp‘a= minp‘8.>.8C — p'Pa 


Dem. 
+ .#205°11. bs. Hp. 2: minpave Pe: 
[*87°105] D:yeB.Dy.~(yP minp a): 
[{*205:11} DiyeR-Dy- (qx). cea.r(yPx): 


[40°51] 3: 8C—p'P'a:. D+. Prop 
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#205°51. fs. Peconnex.aC@.E!minp‘a.E!minp’8.3: 
minp‘a = minp’8.v. minp’8 P minp‘a 
Dem. 
F .#22'1, #2051. 3+: Hp. >. minp‘ae Bn OP (1) 
b.(1). #2052... Prop 


#20552. +: Petransnm connex.qlan pPug : 
E! minp‘a. E! minp{8. >. minp‘a P minp'8 
Dem. 
F.#40°51.I+:.Hp.D:(qz)izearyeR.dy.aPy (1) 
F.*2052.3t::Hp.3:.ceanO'P.D,:minpa=2.v.minp‘a Px (2) 
F.(1).#205°1.3+:.Hp.3:(qz).cvea.2P mins: 


(*33°17] D:(qa).c2eanC’P.#P minp'B (3) 
F.(2).(3). Dk: Hp. 3: (qv): cP minpB: minpa=a2.v. minp‘a Pe: 
[201-1.%13°195] D:minp‘a P minp‘8:. D+. Prop 


#20553, +: Peconnexn RIV. ceanC’P Pez = P“a.3.0=maxpa 


Dem. 
f.45024, bt Hp.d.ceanOP— Pea. 
(Hp] hice 
[#205111] D.aemaxp‘a (1) 


F.(1). #2053. D4. Prop 
o 
#205°54. +:.PeSer.D:ceanCP.Pa=Pa.=.¢=maxpa 
[#205-53-22] 
#20555. +: Peconnex.B'Pea.>. BSP =minp’a 
Dem. 


+. #98101 .43716. D+: E! BP. >. BP e'P — Pity (@) 
b.(1). #20571. DF: B'Pea.d. BYP minpa (2) 
+. (2).*205°31. 5+. Prop 


= 
*205°56. +. maxp‘s‘« C maxp“« 


Dem. 
= 
b . #2057111 . *40°38 . DF. maxp's'« C sf n CfP — 8§ Pn 
[*40°11] CO {(qa).aex-yean OP in(qa).aex. ye Pa} 
[*10°56] C9 {(qa).aexn. yean OCP — PK a} 
[*205:111] C9 (qa). wen. yemaxp‘al 
[#40°5] C maxp'*«. D+. Prop 


#205561. + :«C —C*maxp.2.8'e~eC*maxp [*205°56 . *37'26'29] 
*205°6. +:. Peconnex. D:0E! minp'a.2.anC'PC Pug [*205°32'122] 
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#205°601. +: Peconnex.aCO‘P.3:~Etminp'a.=.a€ Pig [*205°6] 
> > v 
#20561. +: Peconnex.3.0°P = {(C'P np'P“(an CP)} v minpfa v Pig 
[#202°505 . *205°13] 
> => ¥ 
#20562. +: Peconnex.qlanO'P.3.C°'P=p'P “(an C*P)v minp'auP a 
[#40°62 . *205-61] 
#20563. +: Peconnex. PP? GJ.qt(an OP)... 
=> v > 
piP\(an CP) = OP — Pa minp a 
[#202'502 . *205'13] 
#20564. +: Peconnex.g!t(anC*P).9. 
> v > 
minp‘a = OCP ~ P“a— p'P*(an OP) 
Dem. 
b.#205°62.9+:Hp.>. 


v a > v > 
COP — Pia — pi Pan OP) = minp’a— Pa—piP“(an CP) (1) 


= v 
F.#205°11. 54. minp‘a— P“a = minp“a (2) 
as 
b. #20514. 3b:.@eminp'a. Di yea. dy.r(yPa)i 
[#205-11.%10°1] Din(aPa).ceanCP: 
> 
[40°51] Diavep'P “(an CP) (3) 
> > > 
F.(3). 5b. minp‘a — p'P(an OP) = minp‘a (4) 


b.(1).(2). (4). F. Prop 


> > 

#205°65. +: Petransn connex. E! minp‘a.3. p'P*(a a CP) = Pominpa 
Dem. 

b.*205°2.3h::Hp.d:.¢Pminpc2. Di yeanO'P.d,.aPy: 


[*40°51] Dia ep P“(a aC*P) (1) 
=> 

b. €205'1 40°12. Hp. d.p'P\(an OP) C Piminp‘a (2) 

F.(1).(2).3 +. Prop 


#20566. |: Petransm connex.E!minp‘a.D. 
> >. 4, =, 
piP“(an OP) = Piminp‘a. Pa = Pominp‘a. 
OP = p'P“(an OP) v tminpfa v Pa 
[#205°65-22 . 202-101] 
> => 
#20667. +:.PeSer.3:2=minpa.=.Paw=p'P“(an OP). ce CP 
Dem. 
b .*205°65'11.5 
. > => 

Pi Hps Ste ming'n sD. Pe=p Pan OF) see? qd) 
+. #5024. > kr Hp. Pia =p'P*(an OP). D.avep Pan OP) (2) 
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= 
+. #200°5.3+:Hp(2).s.anPa@=A. 


[37-462] Dave Pha (3) 
b.(2) «(3)» 202505. D+: Hp(2).veC*P.D.2ean O'P— Pa. 
[x205°311] D.0=minp‘a (4) 


F.(1).(4). DF. Prop 


¥ > > 
420568, +: PaCa.>.minp‘a = min (P,,)a 
Dem. 
b.x9L-711. 3h: Hp.>. P, a= PMe, 
> ~> 
[*205:11] 3D. min (P,,)a = minp‘a: D+. Prop 


v > 
#205°681. +: P,,econnex. PaCa.>.minpfae0 ul  [%205°68'3} 


> > 
#2057. bi q!maxp’P“a.>.q! maxp‘a 


Dem. 
b.4872265. DkranC’PC Pa. dD. Pac PHP My qd) 
F.(1). Transp. DF rq! Pa— PP a.d.q lan OtP — Pa (2) 


F, (2). *205111. 5+. Prop 


~ 
*205°71. +: Peconnex.q !maxp‘P “a. . maxp‘P“a(P+ P*) maxp‘a 
Dem. 


+ .#205-73.3+:Hp.3.EH!maxp'P“a.E! maxpa. (1) 
[*205:101} D.maxp'Pae Pa (2) 
F.(1).#205°101. 3+: Hp. 3: maxp!P ave P“ Pa: 

[*387°39] Diyea.Dy.~(maxp\P a Pry): 

[Q)] D s~(maxp‘ Pa P* maxp‘a): (3) 
[#34°5.Transp] . DizP maxp'a.>.~(maxp’P“a Pz): 

[205-21] D:zea—e'maxp'a. J .~(maxp*P*‘a Pz) (4) 
F.(2).4371. 5+: Hp. 5. (qz).zea.maxp’P a Pz (5) 
F.(4).(5). Jb: AHp.d. maxp' Pa P maxp‘a (6) 


F.(3).(6)- DF. Prop 


#205°72. +:Peconnex. PE P.3.~q! max! P a [#20571 . Transp] 


#205°73. +: Peconnex. minp*y=maxp'y.D.ynO*Pel.yan OP =t'minp’y 
Dem. 

b.#20521. Dh: Hp.D:weyn OP —t'minp'y.D.maxpty Px. 

[{«37-1] 3D. max py ¢ Py (1) 

b. #205111. Db: Hp.d. maxpfywe Phy (2) 

F.(2).(1). Transp. 3+: Hp.3.ya*P—t'minpy =A. 

[*205-11] D.ya OP =tminp’y: 3+. Prop 
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#205°731. | :. Peconnex a RJ. >: minp’y = maxp’y.=.yaC'Pel 
[*205°17°73] 
#205°732. + : Peconnex.ya O'Pvel. Et minp’y. E! maxp’y. 9. 
minp‘y P maxp*y 
Dem. 
+. *205°'73. Transp. 3+: Hp.>.maxp‘a+ minp‘a. 
[205-21] >. minp‘a P maxp‘a: D+. Prop 
The following propositions lead up to *205°75, which shows that the 
minimum of a class belongs to D‘P unless the part of the class contained in 


OP is BP. 
ay = 
420574. kranG'PC BP. >, minpa=an OP 


Dem. 
F.*93'101.3F:Hp.d.anDiP=A. 
(*37-261:29] D.PasA. 
> 
(*205-11] D.minp'a=anC'P: 3+. Prop 


are 
4205'741, +: Peconnex.an O‘P~wel.>.minp‘aC D‘P 
Dem. ; 
b.*205°21.3556: Peconnex.y=minp’a.zeanC'P—i'y.Dd.yPet 
~ 


[*205°3] Dt: Peconnex.yeminp'a.zeanC*P—ity.d.yP2: 
> 
{¥33:18] D+:Peconnex.yeminp‘a.qlanC’P—iy.Dd.yeD*P: 
“ $ 
[52181] Db: Peconnex.anC*Pwvel.D.minp‘aC D‘P: 3+. Prop 


> vy 
*206°'742. t:. Peconnex. :q!minp'a—D‘P.s.an CP = BOP 


Dem. 
b.*205-74. DhranOPauBP.>.minpa=UBP. 
[¥93-101] >. qt minp‘a—D‘P (l) 
b.4205°741 Dk: Hp. q!minpfa-D‘P.d.an0'Pel (2) 
+ 
F.*20511. Dk:iqiminpa—D‘P.d. qian OP— DP. 
[%93-103] aoe qian BP (8) 


F . (2). (3). *20252.>3+:Hp.q! minpfa—D‘P. Dian OP =UBOP (4) 
F.(1).(4).9 +. Prop 
y > 
#20575. +:. Peconnex.:~(an OfP = u'BP).=. minpa€ DP 
[*205-742] 
Observe that ~(an iP = BP) is not in general equivalent to 


anG@P+ “BP, since the latter implies EIB, while the former does 
not. 
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The following proposition is important. 
> v 
«2058. +:SePsmorQ.>. minp‘a = S“ming‘S“a 


Dem. 
F.x205:11. DF. S*‘ming’ Sa = S| San OQ OSM a} () 
Fx15L11. Dh: Hp.2.SaC OQ abs (2) 
F.(1). (2). DF: Hp. d. Sing Sa = S50 — QeSa} 
[x71-381] = SSF a— SOS 
[723415023] =an OP — Pity 
[#20511] = minp‘a D+. Prop 


420581, |:. Se Pamor Q.>:E1minp'a.=. El ming'S*a 
Dem. 
~ > oy 
+. &205°8 . 73:22. :. Hp. 3: minp‘a sm ming’S“a: 
~ 


~ v 
[«7344] D:minp‘ael.=. ming S“ael: 
[%53°3] 3: E!minp‘a.=. El ming’ S“a:. 3+. Prop 


420582. f: Se P amor Q. E! minp‘a. >. minpfa = S*ming'S“a 
[53°31 . ¥205°8-81] 
The two following propositions are used in #25113. 
> > 

#20583, b:z~veC*P. gi C’Paa.3.minp‘a = min(P +4 2z)a 

Dem. 
+. #1611.3+:Hp.>. {Cnv(P pz)|“a= Pavis. 
[4161-14°2.%24495] Dian O(P 42)— [Cov(P p2)}a=an OP — Pa, 


> > 

(*205°11] >. min (P 4 2)'a = minp‘a: DF. Prop 
~ 
#205831. bs z~e OP. C(P 2) na=0'2.3.min(P2z)a=i% 
Dem. 
F.exl6111. Dk: Hp.dixvea.d,.~{x(P 42) 2}: 
[*37'1.Transp] Di z~ve {Cnv(P +42)} “a qd) 
F. (1). #22621. 6: Hp.3.u% =O"(P 42) na— {Cav(P  2)} a 
~ 

(*205°11] =min (P +>2)a:D6. Prop 


The two following propositions are used in *25114. 


» > 
#205'832, bs z~e OP. z~ea.>.maxp'a= max (P 42)"a 
Dem. 


F > > 
+, #205111. 1612.3: P=A.>.maxp'a=A.max(P-z)asA (1) 
F #205111 .*161-11-14.5 


FiHp.qi0'Paa.d -max(P 4p2)awan (O8P v itz) ~(Ptav u*2) 
[*24'495.4205111] sinaeptt (2) 


SECTION 4] MAXIMUM AND MINIMUM POINTS 557 
b. «161-14. #205°151-161 . > 
x 
btHp.q!P.O'Paa=A.>. maxp'a=A.max(P 49 2a=A (3) 
F.(1).(2).(3). DF. Prop 
a 
#205833, Fig 1 P.znre CP. zea. >.max(P pzja=i% 


Dem. 
F.x*16111.5+:Hp.3.(P p2)a= OP. 


— 
[¥161°14.#205°111] >. max(P 2)'a=an (OP vite)~OP 
[*22°621.Hp] =t':D+. Prop 
The following proposition is used in *251°25. 
> > 
#20584. b:OSPnOQ=A.q!C'Paa.d.min(P#Q)a=minpa 
Dem. 
+.*160°11.3+:Hp.>. iCav(P+ Q)} a= Peau og. 
[#205-11.416014] D>. min(P£Q)aman(OPu cQ)- (Pau CQ) 


[24-495] =anC'P— Pea 
~ 
[¥205°11] =minp'a: +. Prop 


~ > 
#205841. F: C'P na=A.23.min(P 4 Q)a= minga 
Dem. 
+. #16011. +: Hp. >.{Cnv(P 4 Q)}a= Oia. 
[4205'11.*16014]  D.min(P4Qfa=an (CP u0'Q)— Ota 
[Bp] =a 0Q~ Qh 
[*205-11] = ming’a: D+. Prop 
The following proposition is used in *251°2. 
#20585. |+:.PeRelexcl.D:2{min(%‘P)}a. 
Dem. 
F. 416271223 .x205'1. Fs. 2 {min (2‘P)ja.=: 
wear(GQ).QeO'P.aFQ:~(GQ,y). QeOP.yea.yQui 
~(qQ, fy). cFQ. RPQ.yFR.yeat 
[#87105] =: aea:(qQ).-QeCP.2FQ:2FQ. QeOP.Dg.ave QMat 


oFQ.QeC'P.D9.Qre PF a (1) 
(1). #16812. #1426. Fs: Hp. Ds. 0|min (SP). =: 


(aQ)-2FQ.QeOP.xea- Oa: wFQ.Qe CP. Do. Qe Pa Puc fety 
[*163°12.%14°26] =: (qQ). FQ .Qe OP. mean Oa. Qe Pig ~ Pec Freeg ; 
[¥205°1] =:(qQ). Qminp (Fa). -emingat: DF. Prop 


-(qQ)-Q minp (Fa) -aming& 
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> > 
#2059. +:Peconnex.«CO'P.e~vel.>.min(Pf «)‘a=minp (an x) 


[¥205-261] 
¥ > 
#20591. &:PaCa. Pf aeconnex.>.minpaeQul 
Dem. 
> > 
+ .*205°261.5+:Hp.an CfPvel.>.min(P,f «)a= min (P,,)a 
~ 
[*205°68] =minp‘a. 
~ 
[*205°3] >. minpaeOul (69) 
+. #99118. #60971. DFranG’Pel.>.mmpaeOul (2) 


F.(1).(2).5F. Prop 


#206. SEQUENT POINTS 
Summary of #206. 


A “sequent” of a class « is a minimum of the terms that come after the 

whole of an C‘P; that is, we put 

> 7 Oe 

seqp‘a = minp‘p*P*(a a CfP). 
Thus the sequents of a are its immediate successors. If a has a maximum, 
the sequents are the immediate successors of the maximum; but if a has no 
maximum, there will be no one term of « which is immediately succeeded by 
a sequent of a; in this case, if a has a single sequent, the sequent is the 
“upper limit” of a. Whenever P is connected, and therefore whenever 


P is serial, every class has one sequent or none with respect to P, by 
*205°3. 


It will be seen that the sequents of a are the same as the sequents 


=> 
of an OP, and therefore that seqp‘a depends only upon an C*P: if a has 
terms not belonging to C*P, they are irrelevant. 


For the immediate predecessors of a class a, we put 
> ee 2 
precp‘a = maxp‘p‘P““(an C*P). 
We have precp=seq (P), so that propositions about precp result from those 


about seqp by merely writing P in place of P; they will therefore not be 
given in what follows. 


Among the elementary properties of seqp with which this number begins, 
the following are the most important: 


> 7 €& 
#20613. |. seqp‘a = minp‘p*P(an O*P) 
This merely embodies the definition. 
> > 
#206131. | . seqp‘a = seqp(an OP) 
~ > > — 
#206134. | .seqpa= OP ad {an OPC Pia. Pa C—piP“(an CP)} 
» > 
#20614. Fran C’P=A.3.seqpa=B‘P 
Thus if P has a first term, this is the sequent of the null class, or of any 
other class which has no members in common with C*P. 
~ 
#20616. +: Peconnex.3.seqp’aeQul 
This follows at once from *205°3. It leads to 
#206161. |: Peconnex. >. seqpe1—Cls 
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Thus if P is a connected relation, no class has more than one sequent. 
This is not in general the case with relations which are not connected, even 
where the idea of sequents is quite naturally applicable. Take, eg. the 
relation of descendant to ancestor, and let a be the class of monarchs of 

> 
England. Then seqp‘a will be such parents of monarchs as were not them- 
selves monarchs. 
#206171, |: Peconnex.P?GJ.5. 
> 7 = 
seqpa=O'P a@ lan OPC P'a. Px C(an OP) v Pa} 

This proposition states that 2 is a sequent of a if the whole of an C‘P 
precedes x, but every term that precedes x either belongs to a or precedes 
some term of a When P is a series and « has no maximum, we have 

> => 
seqr’a=C'P n&(P‘x= Pa) (206174), 
ae. the sequent of a, if any, is a term whose predecessors are identical 
with the predecessors of members of a. This is the case of a limit 
(ef. *207). 
= 
We have next a set of propositions (*#206'211:28) concerned with P‘seqp‘a 
e 
and P‘seqp‘a. When P is transitive and connected, and a is an existent 
class contained in C‘P and having a sequent, we shall have 
> = - 
P'seqp'a = au Péa, tfseqp'a uv Pfseqp'a = p‘ Pa. 
That is, the predecessors of the sequent are the members of @ and the 
predecessors of members, while the sequent and its successors are the 
successors of the whole of a. The various parts of this statement require 
various parts of the hypothesis. Thus we have 


#206211. +: E!seqp’'a.D.an0'P CPéseqp'a 
#206213. |: Peconnex. HE! seqp‘a. > »Prseqgta Can CP) v Pia 

#20622, +: Petrans nconnex. HE! seqp'a.>. 
Pege' = (an CP) Pa= fae vu Pla 

#20623, |: Petransn connex. E!seqpa.3. 
Useqp*a vw Pesoqp'a = piPH(a aOP)aOP 
If P is transitive, the value of seat is unchanged if we add to a any set of 
terms contained in P*‘q (*206°24); thus in particular, goa tla vu Pa) E gagp 


(*206°25). Thus we can fill up any gaps in a, and take the whole series up 
to the end of a, without altering the sequent. 


We have next a set of propositions (*#206-3—-38) on the sequent of P*‘a, 
te. of the segment defined by a. If P is a series, seqp’P‘a is the maximum 
of a if a has a maximum, the sequent of aif a has a sequent but no maximum, 
and non-existent if a has neither a maximum nor a sequent (*206'35'331°36). 
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Our next set of propositions (*206'4——52) concerns the sequents of unit 
> 


classes, especially of e‘maxp‘a, and of classes of the form P‘x, We have 
> 
#2064. F:PGJ.reOP.D.xseqpP'x 
ad <—— > & 
#20642. b:veC°P.D.seqp't'a= P+ PYae= minp’ Px 
whence the three following propositions: 


> & 
#20643. +: Petransa RI. ce OP. 3. seqp't'a= Pix 


*206-45. F:.PeSer.zeC'P.3:E!seqp'tw.=.reD‘P, 
ed 7 FC 
#20646. |: Petransm connex. E! maxp‘a. >. seqp’a = seqp*maxp'a 
From the above propositions it results that, when P is a series, any member 


of C*P is the sequent of the class of its predecessors, P,‘x is the sequent 
of t‘x if either exists, and the sequent of a class which has a maximum is the 
immediate successor (if any) of the maximum, i.e. 


#2065. +: Petransaconnex. E! maxp‘a. Elseqp‘a.>.maxp‘a(P + P*)seqp‘a 
We then have a set of propositions (*20653—'57) on the sequent of 


pyP“\(an CP), ie. the sequent of the predecessors of the whole of an CP. 
These propositions are specially useful in connection with “Dedekindian” 
series, t.e. series in which every class has either a maximum or a sequent 
(#214). These propositions all require the full hypothesis that P is a series. 
In this case, soqp'p' F(a n OP) = minp*a, ae. the sequent (if any) of the 
predecessors of the whole of an C‘P is the minimum (if any) of 2. Moreover 


> 
by definition the maximum of p‘P*(an C*P), if any, is the precedent of a. 
> 


Hence a has either a minimum or a precedent if p‘P**(an CP) has either 
a sequent or a maximum (*206°54). Moreover the sequent and maximum 
of a are respectively (if they exist) the sequent and maximum of the pre- 
decessors of all the successors of the whole of an C‘P (#206°551). Hence 
we arrive at the conclusion that the assumption that every class of the form 


pP“(a n C‘P) has either a maximum or a sequent is equivalent both to the 
assumption that every class has either a maximum or a sequent (*206°56) 
and to the assumption that every class has either a minimum or a precedent 
(#206-55). It follows that these two latter assumptions are equivalent 
(*206'57), 7.¢. that a series is Dedekindian when, and only when, its converse 
is Dedekindian (#214°14). 


We deal next (*2066—63) with correlations, showing that if two 
relations are correlated, the sequents of the correlates of any class are the 
correlates of the sequents, 7.¢. 


> 7 yy 
#20661. /:SePsmorQ.>. seqp’a = S‘seqg'Sa 
R&W It 36 
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We end with a set of propositions (*2067—732) showing that the 
sequent of a class is unchanged if we remove from the class any term other 
than its maximum (#206°72); that if a class has terms in C*P, and has both 
a precedent and a sequent, the precedent has the relation P? to the sequent 
(*206'73), and that the precedent is not identical with the sequent (*206°732). 
These propositions are in the nature of lemmas, whose use is chiefly in the 
theory of stretches (#215). 


#20601.  seqp = 48 {a minp p'P“(a aCPy Det 
=> 
20602. precp = 24 {x maxp p'P“(an C*P)} Df 
-_ 

*2061. :xseqpa.=.x2minpp’P (an OP) [(*206-01)] 
x206101. |. precp =seq (P) [482-241 488-22 . 206-102] 

We shall not enunciate any other propositions on precp (unless for some 
special reason), since the above proposition enables them to be immediately 
deduced from the corresponding propositions on seqp. 

= yo & 
*20611. |:aseqgpa.=.vep’P“(an OP) n OP — Pp! P“(an OP) 
[#20671 . *205-1] 
_ 

Observe that when an CP is not null, p‘P“(an O'P)C CP, so that the 

factor C‘P on the right is unnecessary; but when an CO‘P=A, we have 
— 
p'P (an CYP) = V, so that the factor C‘P becomes relevant. Owing to this 
> 
factor, the sequents of A are BP, so that if B‘P exists, B‘P is the sequent 
of A. 
#20612. Fi:eseqpa.=i.yeanO'P.d,.yPaiceC'P:. 
yeanCSP.d,.yP223,.~(2Px) [#20611 . *40°53 . #37105] 


> 7 Oe 
*206:13. |. seqp‘a= minp‘p‘P“(an OP) (*206-1] 
> > 
#206131. |. seqpfa = seqp'(an OP) [206-13 . *22-43-621] 


> — ye 
#206132. | . seqr'a = p'P(an OP) n OfP — Pipi Pan OP) [#20611] 
#206133. F: aseqpa.D.~(aPx) [%205°194. *206°13] 
> > => = 
*206°'134. | .seqr’a = OP n Blan CPC Pla. Pa C—pSP(anO'P)} 
Dem. 
F .*206°12 . 32°18. 3 


> > 
F.seqp'a= OP n&(an OPC Pia) n &@lyean CP. Dy. yP2:D, .~(2zPx)} 
> — 
[40°53] =C'Pad(an CPC Ptr) n& [ze p'P(an CP). >, «~(zPx)} 
[Transp.*32'18}. 
> aed — 
=OPa% Gr CPC Pia) n {Poa C — p§P“(an OfP)}. DF. Prop 
This formula for seqp‘a is usually more convenient than *206°13°132. 
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= > 
*20614. bianC’P=A.>.seqra= BP 


Dem. 
> ~ 
+. *206-13 .#402.3+:Hp.,.seqr’a= mine ¥ 
[#205'15.%24-26] = minp*O*P 
> 
(*205°12] = BYP:3+. Prop 


> - yo & 
#206141. bi glanO'P.D.seqra=piP (an CCP) — Ppt PH (an OfP) 
Dem. 
b . #4062. DF: Up. >. p'P“(an OP) COP (1) 
F.(1).*206'1382. +. Prop 
#206142. Fi gqtanOP.d.seqo'aC Pa [¥40'61 . #206141] 


> - yo & 
#206143, Fra C O'P.3.seqp a = p*Pian OfP — Ppt Pa 

[4206132 . *22°621] 

> — 
#206144. bq !seqp'a.d.q!p’P“(an UP) [*206132] 
> — ve 

#20615. FraCO*P.qla.>.seqea=piP a — Pip! Pa 

[#206°141 . *22°621] 

~ 
#20616. .+:Peconnex.>.seqpfacOul [#2053 . *206:13] 
#206161. |: Peconnex.3.seqpel1—+Cls [*20616 . #7112] 
Thus in a series, or in any connected relation, no class has more than one 

sequent. 
#20617. Fi.aseqpa.siyeanCO'P.d,.yParneC'P: 


yPx Dy. (qz).zean OP .n(2Py) 
Dem. 


+ #37462. *20611.) 
& > = 
Fiwseqpa.=:vepP\(anlP)aCP. PaC—piP (an OP): 
[40°53] =ryeanOP.3,.yPa:racC'P: 
yPx . Dy .(qz)-2ean OP .(2Py):. 31. Prop 


> : 
The following propositions give simplified formulae for seqp‘a in various 
special cases. 


#206171. §: Peconnex. PEJ.3. 
> ~ => 

seqr’'a=C'Pn& {an OPC Pix. Pla C (an OP) v Pa} 
Dem. 

F . «206134. #33152 .3 

> > => <_ 
b .seqpfa= OP nBlan C6PC Pa. Px COP —p'P“(anCP)} (1) 
F. (1). #202°503 . 3 +. Prop 
36—2 
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#206172. F: Peconnex. P?G J. PMaCa.d. 

=> ~ 

segp'a=CO'PnB(an CSP =P'x) [*206'171. *22°62] 
#206173. : Peconnex.P?*@J.anO'PC P\a.d. 

> > - 

segp'a=C'P n& fan C'PC Pia. Px Pa} 

[*206°171 . *22°62] 


ss 
#206174. : PeSer.an C'PC Pa.3.seqp'a=O'Pa (Pee = Pa) 
Dem. 
b.¥13°12 42242. 3b: Hp.d: 


~> ~ 
P= P“a.d.anCP CPx. P&C Pa q) 
> => 

+. «87-265. DkranOiPC Pfe.d.P aC PEP a: 

=~ > 
[*201°501] DF: Hp. DianOPC Pe... Pal Pe: 

7 > ~ 
[Fact] DiranOPC Pa. Pia CP“a.d.Pa=P% (2) 


F. (1). (2) «#206173 . DF. Prop 


The propositions *206°173'174 deal with limits. When a class a has no 
maximum, ze. when an O'P C Pa, its sequent (if any) is called its limit. 
By the above propositions, the limit is a term 2 such that an C‘P precedes 
#, but every predecessor of x precedes some member of a a OP (*206'173); 
it is also a term # whose predecessors are identical with the predécessors of 
a (#206174). The subject of limits will be explicitly treated in *207, 


> 
*206°18. + .seqp'aC CCP [*206-132] 
> 
*206-181. tL: qtanC’P.D.seqp'aCU‘P [*206-142.*37-16] 
~ 
*2062. +.seqpfaC—« 
Dem. 
_ vo & 

F .#40°68 . Transp. +. p*P(anO*P) — P\p!P“(an OfP)C—(an CP) (1) 
F.(1).#206:132.5+. Prop 

Sy 
#20621. +: P°CJ.3.seqp'aC— Pa [*200°53 . *206:132] 


4206211. F : El seqpa.d.an OPC Péseqpta 
Dem. | 
F.*20617.9b:.Hp.diyeanOP.d,.yPseqp'a:. F. Prop 
#206212. +: Petrans. E!seqp'a. 3. Pia € Psseqp‘a 
Dem. 
F. 4206211. 3: Hp. >. Pac PeBesogpta 
[*201°501} C P*seqp‘a: DF. Prop 
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#206213. | : Peconnex. E! seqp‘a. > .Peseqp'a Clan OP) vu Pa 
Dem. 
+ .#20617.3h:: Hp. d:. yPseqp'a. Dy: (Gz). ze (an OP) .n(zPy): 


[*202'103] Dy i(qz)izeanOPiy=z.v.yPz: 
[13-195.437-1] Dyryean OP .viye Pan OP): 
[*87:265] Dyiye(an CP) vu Par: Db. Prop 


#20622. |: Petransmconnex.E! seqp‘a.>. 
> > 
P*seqp'a =(an OfP) v Pa = maxpfau Pa 
[#206°211-212-213 . #205°131] 
#20623. +: Petransnconnex. E!seqp‘a.2. 


= -_ 
Useqp‘a ¥ P*seqp‘a = pp P“(an OOP) a OP 
Dem. 
+ .#205°22 . #20613 .3 


iy é Ss: 6 ‘ < pee Bue e 
be Ape abeeapa vy Piecar ari teege ay 2 ‘pi P (an OP) 


[4206-13.453°31 = minp'p’P“(an OP) v Pp P “(an OP 
une'p “ep P 
[4205-13] =p Pan OP) a OP v Pip Pan OP) 
a 
[#201-51.43716] = p'P(an OP) n OP: DF. Prop 


> > 
#20624. +: Petrans. 8C Pa. >. seqp(a v 2) = seqp‘a 
Dem. 

— & 
.*201'56. DF: Hp. Dd. p'P“{(avB)aC'P}=p'P“(an OP) (1) 
.(1) #20613. +. Prop 

> ~ 

#20625. +: Petrans.>.seqp (au P“a)=seqp‘a [*206°24] 
#20626. +: Petransmconnex.qlan CP. El seqp‘a-D- 


(= = 
pP “an OP) = iseqr’a v Pfseq pa 


Dem. 
e 
+. #4062.3+:Hp.d. p'P “(an CiP) COP qQ) 
F.(1).*206'23 .3 +. Prop 
*206-27. +: Petransn connex. E!seqp‘a.E!maxp‘a.. 
2 
P*seqp'a = P‘maxp‘a v t‘maxp‘a. 
= e 
P*maxp‘a = Pfseqp‘a v eseqp a 
Dem. 
= > 
+ .*206°22. D+: Hp.d. Piseqp‘a = maxp‘a vu Pa 
=> 
{*205-22] = t'maxp‘a v Pmaxp‘a qd) 
= <— 
+ .*205'65. D+: Hp.d. Pémaxp‘a =p! P\(an C’P) (2) 


b .#205°151-161. +: Hp. >. qi (an C*P) (3) 
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_— e 
F. (8). #20626. D+: Hp.d. p\P (an O*P) = tseqp‘a v Piseqp‘a (4) 
— <— 
F.(2).(4). Dt: Hp. >. Pimaxp‘a = tseqp‘a v P'seqp‘a (5) 


F.(1).(5).F. Prop 
#20628. +:.PeSer.3: 


ay 
ve OP—a, Pia= Pa.=.0=seqp'a.~E ! maxp‘a 
Dem. 
F.*206°174.*205°6.> 


= 
Fs. Hp. Di a@=seqp'a.~ EH! maxp'a..2eCP, Pa= Pa. 


> 

[*206:2] D.ceCP—a. Pa= Pa ql) 
=> => 

F871. DtiaPy.yea.Paw=Pa.d.ve Pe (2) 
=> 

F.(2). Transp. Db: PGS. yea. Pe= Pa. d.~(aPy) (3) 

F.*1314. DhiveC’P-a.yea.Dd.uty (4) 


+. (8). (4). #202103. DF: Hp.>: 
> 
veOP—a.Pa=P“a.yeanOP.d.yPat 


[#3218] DineCP—a.Pa=P“a.d.anCPCP (8) 
b.(5). 20617116. >: Hp.>: 

geC'P—a. Pine Pa. >. 0 =negp'a (6) 
F.(5). #205123. Db: Hp.d: 

weOP—a. Pie = Pq, > vB! maxp'a (7) 


F.(1).(6).(7). 4+. Prop 
*206:3. +: Petransnconnex.aC O(P. P“aCa. Hl seqp'a. >. 
> 
P%eqp'a=a [206-22] 


* 
#20631. +: Pe trans a connex. E! seqp'P“a. >. P‘seqp‘Pa= Pha 
[#2063 . ¥201°5] 


#20632. +: Petransn connex. E!maxp‘a. El seqp’P“a.d. 
max p‘a = seq p’ Pa 
Dem. 
2 > 
+, #20631. *205-22. 3+: Hp.2: P'maxp‘a= P'seqp’P ‘a: 
[#205°194.*206°133] D :-~(seqp’ Pa P maxp‘a) .~(maxp‘a P seqr’P“a) : 
[*202°103] D>: maxp‘a =seqp‘Pat. D+. Prop 
In the hypothesis of *206°32, we have both E!maxp‘a and E! seqp‘P a. 
So long as P is not contained in diversity, these are both necessary. For 
example, suppose we take 
P=af(avt‘z), where avea.qia 
Then P is transitive and connected, but not contained in diversity. We have 
avia=OP, Paves) =a=D‘P. 
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Also maxp(a v l'x) =a, 
Pini MEN ee 
seqp’P“(a v tx) = minp'p{ Pa = minp(a v ta) = A. 

Thus in this case maxp‘(a v L‘x) exists, but seqp’P““(av tx) does not exist, 
When P is serial, i.e. when P is contained in diversity, in addition to being 
transitive and connected, the existence of maxp‘a involves that of seqp‘P a, 
and therefore the hypothesis E ! seqp‘P“a, which appears in 206-32, becomes 
unnecessary. 


> > 
#20633. +: Petransnconnex.~E! maxp‘a. >. seqr‘P'a = seqpa 


Dem. 
F.*2056. Dk: Hp.d.anOiPC Pa. 
[*22°62.%37°15] D.(av Pala OP = Pa qa) 
> > 
+ .*206-25.35: Hp. D.seqpfa = seyp(a v Pha) 
a 
[*206°131] = seqp'{(a v Pa) n CP} 
> 
{Q)] =seqp’ Pa: D+. Prop 
#206°331. +: Pe trans mn connex.~E!maxp‘a. Ef seqp‘a.>.seqp’P“a =seqp'a 
[*206:33] 
> > 
#20634. +: PeSer.>.maxp‘a C seqr‘P a 
Dem. 
+. *205°101 . *37°265 .. > 
2 
ks.yemaxpa.=:yeanC’Pizean OP. ,.~(yP2z) Q) 


F.(1). #2021038. DF s:. Hp. Det 
yemaxp'a.D:.yeanC'P.2eanOP.2,:2=4.v.2Py (2) 
b.(2).*13°195.%2011.3b::.Hp.d:: 
ina Tee Pe ban OP abe oP 


[#8771265] Diue Pia. d,.uPyin 

[40-53] Diyep P“P a (3) 
b.(1).887:1. Pip eaxpla sey. we P te (4) 
b.x5024, Dk: Hp.d.n(wPr) (5) 
b.(4).(5). DE Hp. Diyemaxpa.vPy.>. (qu).we Pa.n(wPv). 
[%40°53] Di prep PY Pg : 

[¥1051] Dry emaxp'a.>.~(qo).vep'P“ Pia. uPy. 
[437-105] D .yre Ptp'Pe Pita (6) 


+ .(3).(6).(1). D+: Hp.d: 
> <— ve 
yemaxpa.D.yep'P “Pan COP — Pipi PUP Ke, 
> 
[*206:143] D.y eseqp'P“a:. +. Prop 
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«20635. +:PeSer. E! maxp‘a. > .maxp‘a = seqp’P“a. Hl seq’ Pa 
Dem. 


> 
+. #20634. Dt: Hp.d. maxp‘a eseqp‘ Pa (1) 
b.(1).*20616. 9+: Hp. >. maxp‘a= seqp! Pia (2) 
b.(2).#1421. Db: Hp.d.E!seqp’P “a (3) 


F.(2).(3). 34. Prop 


#20636. /:: PeSer.3:. El seqp(Pa.=: EB! maxp‘a.v. El seqp‘a 

Dem. 
+, #206°35°331.3+:.Hp:E!maxp'a.v.E fseqp'a: >. E!seqp’P a (1) 
+.*20634. Di:.Hp.d:~E!seqp’P“a..vEH! maxp‘a. (2) 
[*206:33] D.~E! seqp‘a (8) 
F. (1). (2). (8). D+. Prop 


The condition (a): E! maxp‘a.v. E! seqp‘a is the definition of what may 
be called “Dedekindian” series, i.e. series in which, when any division of the 
field into two parts is made in such a way that the first part wholly precedes 
the second, then either the first part has a last term or the second part has 
a first term. (When these alternatives are also mutually exclusive, the series 
has “Dedekindian continuity.”) If a is any class, P‘‘a is the segment of 
C*P defined by a. In virtue of the above proposition, every segment of 
a Dedekindian series has a sequent. The sequent of a class having no 
maximum is what is commonly called a limit. Thus in a series having 
Dedekindian continuity (in which segments never have maxima), every 
segment has a limit. 


> > Ul > 

*206°37. +: PeSer.>.seqp‘P*a = minp(maxp‘a v seqp‘a) 
Dem. 
> > 
F.*20516.D>b:maxpfa=A.seqp'a=A.d. 
27> 74 > 
minp‘(maxp‘a v seqp‘a)= A (1) 
F.*20636.5+:Hp.Hp(1).>.vE!seqp’P“a. 
> 
[*206°16] Ds sede a= =A (2) 
F.*2424. D+:Hp. masta = =A.q! tseqeta. a 
os 


minp‘(maxp* av seqp‘a) = wait pfseqpta 
> 


[*205:17.*206°16] =seq pa 
> 
[*206°33] = seqp‘P“a (8) 


=> => 
£.#20517'3.3+:Hp. a! maxpfa.seqp'a=A.D. 
in > > 
min p“(max p‘a v seqp‘a) = max p‘a 
> 
[*206'35] = seqp'P“a (4) 
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b . #206°16 . *205°3 .D 
= > 
+: Hp.q!maxp‘a.q !seqp'a.D. 
> — 


? = 7? 
minp‘(maxp‘a v seq pa) = minp‘(t‘maxp‘a v U‘seqp‘a) 


[*206:27 «205 182] = Ufmax pa 
—~ 
{*206°35] =seqp'P“a (5) 


F. (1). (2). (8). (4).(5). DF. Prop 


> > 

#20638. +: PeSer.>.maxp‘a=anseqp'P a 
Dem. 

+ .*206°35 . *205°111.5 


> > _ 
t:Hp.E! maxp‘a.>, maxp‘a = seqp’P"a. maxp‘aCa. 


> > 

[*22°621] D>. maxp‘a =a n seqp’P“a Q) 

+. #2053. Dt: Hp..E! maxp‘a.>.maxp'a=A (2) 
> > 

F. *206°33..5+: Hp.~E! maxp‘a. >. seqp’ Pa =seqp‘a. 

(+2062) Dan seq Pan A. 
> > 

{(2)] >. maxpfa=an seqp’P “a (8) 


+ .(1).(3). DF. Prop 
> 
#2064. F:PCJ.¢eC'P.D.cseqp Pa 


Dem. 
+, *206'184 . «22°43. > 
= > -— 72 
bi aseqp Pic. =. ceCP. PaC— pi P MPa qd) 
> -7 
+ .#2005.3+:PGJ.9. PiaC —p\P Pe (2) 


t.(1).(2). D+. Prop 
= 
#206401. t: Peconnexn RIV. ceO’P.D.e=seqp'P a [*206'4'161] 
7 — £— 
#20641. +. minp’Pic= P+ Pa [20525] 


> — 37> ee 
#20642. F:aeC*P.D.seqp'l'e = P+ P*e= minp’ Pe 
Dem. 
<— < 
+. x53-0131 Db. p PMite= Peo q) 
b. (1). 20641-1483. 2+. Prop 


> e 
#20643. +: Petransa RI. ceC'P .2 .seqp'ta= Pia 
[*206°42 . *201-63] 


#20644. +:.Petransn RI .ceC'P.9: 
Et seqp't‘e.=.E! Pe: EB! seqp'te. >. seqp'l'a = Pia 
[#20643] 
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#20645. F:.PeSer.ceO'P.3: EB! seqp't‘a.=.2¢eD*P, 
[*206-44 . #2047 . #717165] 


=> > 
*206°451. + : P eSer. El seqp‘a. >. maxp‘a = P,‘seqp*a 


Dem. 
= ~> 3 
b. «206-41 .3¢: Hp. >. P,‘seqp‘a = maxp‘P*seq pa 
> 
[*206°22] = maxp‘{(an CP) vu Pia} 
> 
[*205°191] =maxp'a: J+. Prop 


> > 2 
#20646. +: Petrans nconnex. E! maxp‘a . 2. seqp‘a = seqp‘maxp‘a 


Dem. 


27 OFC > ee 
+ .*206'42.>h: Hp. ).seqp‘maxp‘a = minp‘P‘maxp‘a 


7 & 

[*205°65] = minp*p*P*“(an O*P) 
> 

[*206'13] =seqp‘a: D+. Prop 


> 
«20647. +:Petrans. E!seqp‘a.D.seqp‘a = maxp‘(a v seqp‘a) 
Dem. 
= 
+. #206134. >+:Hp.d.anC'PC Pseqp'a. 


> > 2 3S 
[*205°193-151] D>. maxp‘(a v seqp*a) = maxp‘seqp‘a 
[*206°133.%205:18] =tseqp’a: D+. Prop 


> > > 
#20648. +: Pe trans n connex . E!seqp‘a . D . seqp‘seqp‘a = seqp“(a v seqp‘a) 
Dem. 
b.*206-47.3+:Hp.o. 
= 


> > = > 
seqp‘seqp‘a = seqp'maxp‘(a V seqp‘a). E! maxp(a v seqp‘a)» 
Bs > 
[*206°46] >. seqp‘seqp‘a = seqp‘(a v seqp‘a): Dt. Prop 
2065. +: Petransq connex.E! maxp‘a.E!seqp‘a.>. 
max p‘a(P + P*) seqp‘a 


Dem. 
> > 
+. #206°46.9+: Hp. .seqp‘a = seqp‘i‘max pa 
ee 
[*206:42] = P+ P**maxp‘ai: D+. Prop 
> => => 
#20651. b:q!maxp’P\c. 3.2 seqp Px 
Dem. 
25 
fF. #205161. DF: Hp.d.qi Pe. 
[*33°42] D.ceO'P (1) 


=> > 73> 3 -> 
F.(1). #2061384. 3: Hp. Dd: aseqpP'a.=.Pa&C Pix. P'eC - pt P “Px. 
=> => 
[#22-42] Pen —p!P“ Pen (2) 
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> => => 
F. #205101. bi. yemaxp'Pi.D:yPa.yre POPa: 


[*37-1} D:yPa:zPx. 22. ~(yPz): 
[#32°18.%5°31] DizP2.3,.yePa.m(yPz). 
+> 
{%40°53] D,. ewe p P“P'n : 
> «<> 
[%32°18] 3: PlaC — pi PhP (3) 


7> 3 > 
F.(2).(8).- Dt: Hp. ye maxp’P‘x. >. xseqp Pia: D+. Prop 


*206'52. +: Petransaconnex. E! maxp’P“a.D. 
E! seqp‘P“‘a . seqp’ Pa = maxp‘a 


Dem. +.*205°7. 3: Hp.d. EH! maxp‘a. (J) 
[¥205-22] >. Pa = P*maxy'a (2) 
+. (2).*20651.3+: Hp.D. maxp‘aseqp Pa. 

[*206°161] D>. maxp‘a = seqp*P“a (8) 


F.(1).(3). +. Prop 


7 53 > 
«20653. +: P¢Ser.>.seqp'p*P“(an OfP) = minp‘a 
Dem. 
2 7 & => 
F, #20613. D5 .seqp’p'P “(an C{P)= min p'p*P“[p' Pan C1P) n OCP} 
> > 
[+20515'16.*20618.420054] | = minp*(O*Pn pP“p Pan cP} (a) 
> 
F. (1). *20462.9t:Hp.>. seq “yPH(a n C*P) = minp{{(an OfP) v Peg) 
[205°19.%201°52] = minp‘as J+. Prop 
*206°531. +: PeSer.>. 
=> > aed > 
OP 0 & [p'P (an OfP) = P*a} = seqr“p’P (an OfP) = minp“a 
Dem. 
b . #206172. #201°51.3 
> & > > 
bt: Hp. >. seqp'p’P “(an OP) = COP v3 [p Pan 0'P)nCP= Pa} (1) 
F.(1).*40°62.3:Hp.qi(anC*P).>. 
a ee > > 
seqr*p'P “(an OP) = OP a &{ p'P“(an OP) = Pra} (2) 
Fa & 
+. *205°16 . *206:53. 3+: Hp.anC°P=A. D.seqp'p’P(anOP)=A (3) 
b.#402.Db:anCP=A.5. 
> = => 
CP nf {p\P“(an CP) = Pa} =OP n&B(V=P*a) (4) 
fF. 5024.96: Hp.>.(0).ave Pe. 


[424-104] >. (2). PntV (5) 
> = 
F.(4).(5). D+: Hp.anO’PH=A.9.0°P a2 (p'P\(an OP) = PaejaaA 
> > 
[(3)] = seqr‘p‘P*(a n C*P) (8) 


(2). (6). *206°53. 1. Prop 
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> 

#20654. +:. PeSer.3: EB! seqp'p'P“(an CP). =.E! minp‘a: 
= 

E! maxp‘p'P“(an O(P).=.E! precp‘a 


Dem. 
> 
+. #20653 . Dr: Hp.d: El seqr'p'P (an OCP). =. E! minp‘a (69) 
=> 
+. *20613-101.3+:E! maxp‘p’P“(an OCP). =. E! precp‘a (2) 
F.(1).(2). +. Prop 


«20655. b:. PeSer.3:(a).aeC‘minp v U‘precp. = - 
=> 
(a). p'P“(an CP) eA'maxpy C'seqp [*206°54°161 . #205°32] 


> > 72 & 
x206°551. +: PeSer. 3. seqp'a = seqp‘p* Pp‘ P“(an OfP). 
> 


> > ee 
maxp‘a = maxp*p'P“p'P*(a n OP) 
Dem. 


> a> & 
F . #20613. DF. seqr‘a = minp‘p'P “(an CfP) qd) 
> Se 
F.(1).#20653.3+: Hp. 2. seqp’a= seqr‘p'P“{p'P “(an O'P)nC*P} (2) 
> a ae oe 
b.(2).*20054. 3+: Hp. a! P.>.seqp'a =seqr'p’P\piP\(anO*P) (8) 
> i 

+. *206°18. Dh:P=A.>.seqr'a=A.seqr'p'P p'P“(anOP)=A (4) 


> Se. ee 
£.(3).(4). Dt: Hp... seqp'a=seqp‘p‘ Pp‘ P*(an C*P) (5) 
3 eS 
+. *206°53. Dt:Hp.d. maxp'a = precp’p'P“(an C“P) 
ee 
[206-13 -101.#200'54] = maxp'p'P“p*P“(an CP) (6) 


F.(5).(6). +. Prop 


> 
#20656. +:.PeSer.3:(a).pPi(an CP) ¢ U‘maxp v U‘seqp. =. 


(a). ae U‘maxp v C‘seqp 
Dem. 


be xlO1L11.5 6 :(a).ae ‘max, v Céseqp. >. 
(a). py P“(a a OP) ¢ C'maxp v U‘segp qd) 
> 
F.xlO02. Dh: (a).piP “(an CP) e A'maxpy (Tseqp. >. 
=> 
p' Pp P*(B an C‘P) ¢ U‘maxp v Cseqp. 
[#206°551] >. Be C'maxp v Aseqp (2) 
F.(1).(2).3 +. Prop 
*206°57. F:.PeSer.>:(a).aeU‘minp v C‘precp. =. 
(a). ae U‘maxp v C'seqp [*206-55'56] 
This proposition is important, since it shows that when a serial relation 
satisfies Dedckind’s axiom, so does its converse. Thus if all classes which 


have no maximum have an upper limit, then all classes which have no 
minimum have a lower limit, and vice versa. 
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<— =~ 
#2066. +:SePsmorQ.>. p'P “(an OfP) = Sp Qesa 
Dem. 


Fk. *151° ll. >) Fs Hp. > pPa an OP)= poseeguera n D‘s) 


[*72°341] =S“p Cela n DSS) 
[*71°613] = 8% niQSa: 1D. Prop 
~ > 
#20661. b:Se Psimor Q.3.seqpfa= S‘seqe’S“a 
Dem. 
> > »v =, 
F . 205°8 . #206613. +: Hp. >. seqp’a= Sans 2 QO Sa 
> 
[#72°501.#1 51°11} = S“ining'(pt Qe Sa n CQ) 
{*206°13.#«205°15] = Seoeqgt Sa D+. Prop 


#20662. +:.SePsmorQ.3:Etseqpa.=.E! seqo’S*a 
[*206°61 . #73°22°44 . *53°3] 


420663. f:SeP amor Q.E! seqp'a. >. seqp'a= S'seqg'S‘a 
[4206-6162 . #53°31] 


“5 
«206-7. +:Petrans.8CC'P.~(yPy).y~remaxp'B. 2. 

<= <— 
piP KB = pi PM(B— ty) 


Dem. 
— — 

b.x51222, DEryre@.d.p'P“R =p PMB — ey) Q) 
b.205111.>+:.Hp.yeB. diye P“B.nv(yPy): 
[«37°1] D:(qz).ceB—iy.yPz: 
[*10°56.Hp] Diz ep'P“(B —Uy).D.yPz: 

_ 
[58-14.451-221] Ds pP(B — ty) C pPHB t 

a 
[40-16] >: p'P(g—iy)=pP“B (2) 


+ .(1).(2). 9+. Prop 


> > > 
#20671, +:Petrans. @CO‘P.~(yPy).y~ve maxp‘B.> .seqp‘B=seqe'(B—"'y) 
Dem. 


> > 
b.#51°222. Dhsyre B.D. seqp’B =seqr(B— ly) (1) 
b.#205°111. 3+: Hp.yeB.d.ye PMB m(yPy)- 
{#37-1] D.(qz).zeB—ty. gre (2) 
b. (2).*10°56 .#2011.5+:Hp.ye8. 8-0 ige Pie. >. ae 
[*32'18] >.8CP (3) 


b. (8). #2067. :. Hp(2).3: 
2? 3 => 


: ~> => 

BC Pa. P'xC—pi'P“B.=.B-Vy CP. Pe — pi PB Vy): 
[*206:134] >: zseqp 8. =. a seqp (8 — Ly) (4) 
b.(1)- (4). 34. Prop 
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>. > > 
#20672. 1: Petrans.~(yPy).y~ve maxp‘B . D . seqp’8 = seqr(8 — ty) 
Dem. 
> > 
F .#206°71°131 . #205151. +: Hp... seqp’B = seqr(8 a OP — tty) 
> 
[*206°131] = seqp(8 — tty): DF. Prop 
#20673. biqtynO*P.E! precp'y. E! seqp‘y. >. precp*y P*seqr'y 
Dem. 
> = 
F.#206-211.>h:Hp.d.yn CPC Poseqp'y n Pépreep'y .glya OP. 
[#8411] >. precp’y Pseqp‘y: D+. Prop 
#206731. bi.qiya CP: Petrans.v. P?E J: .~(preepty = seqpy) 
Dem. 


+. *206°73.5 
tiqtyna C&P, EY precp‘y. El seqp‘y. Pe trans. >. precp*y P seqp’y. 
(#206:133] D>. precp*’y + seqr’y (1) 


+. 20673. 

bigtyn C*P. Et preep'y. E! seqp’y. P? EU. . precp*y + seqp'y (2) 
Fy 1421. 3 Fr (E! preepty. E! seqp‘y). 3 .~(precpy = seqp’y) (3) 
F.(1).(2).(3). 3+. Prop 

Note that “precp‘y + seqr‘y” is not the same proposition as ~ (preopy =seqp‘y). 
The former involves E! preep‘y . E! seqp‘y, while the latter does not, in virtue 
of the conventions as to descriptive symbols explained in #14, 


*206°782. + :. Petrans.v.P? GJ: .~(preep‘y = seqp’y) 


Dem. 
> zy > 
F.*20614. DF ryan C’P=A.). precpy= BP. seqp’y= BP. 
> 
[#937101] >. precp’y nseqr'y=A. 
[53-4] D .~ (precp‘y = seqp‘y) (1) 


F.(1).*206781.2+. Prop 


#207. LIMITS 


Summary of *207. 


A term z is said to be the “upper limit” of « in P if a has no maximum 
and # is the sequent of a, In this case, 2 immediately follows the class a, 
though there is no one member of a which # immediately follows. Sequents 
which are limits have special importance, and it is convenient to have a 
special notation for them. We write “Itp‘a” for the upper limit of a; or, 
if it is more convenient, “lt (P)‘a.” (This is more convenient when P is 
replaced by an expression consisting of several letters, or by a letter with 
a suffix.) The lower limit of « will be the immediate predecessor of « when 
a has no minimum ; this we denote by tlp‘a. 


The following propositions on limits for the most part follow immediately 
from the propositions of #206 on sequents. 


Our definition is so framed that the limit of the null-class is the first 
member of our series (if any). This departure from usage is convenient in 
order that, whenever our series contains any limiting point in the ordinary 
sense, the series of limiting points may exist, ve. in order that P[ D‘ltp may 
exist whenever there are existent parts of C‘P which have upper limits. The 
series Pf D‘ltp is the “first derivative” of P. The definition of a limit is 


Itp = seqr[ (—C‘maxp) Df. 
Besides the limit, we require, for many purposes, a single notation for the 

“limit or maximum.” This we denote by “limaxp,” putting 

limaxp=maxpwltp Df. 
Similarly for the lower limit or minimum we use “liminp,” putting 

liminp = minpwtlp Df. 
We have tlp=1t(P) (#207:101) and liminp =limax (P) (*207°401). Hence 
it is unnecessary to prove propositions concerning lower limits, since they 
result immediately from propositions concerning upper limits. 


In virtue of our definition of a limit, 2 limits a if # is a sequent of a 
and a has no maximum (*207-1). Thus if « has a maximum, it has no limit 
(*207-11), but if it has no maximum, the class of its limits is the class of 
its sequents (*207°12). Thus the existence of the class of limits is equivalent 
to the existence of the class of sequents combined with the non-existence 
of the class of maxima, i.e. 


> > 
#20713. bq tp a +=.~q lmaxp'a. | I seqp a 
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25 
*207°2—°232 consist of various formulae for ltp‘a. We have 


72 2 
*2072. &:Peconnex.2ltpa.DdD.anCPC Pie. Pe Pa 


Ie. the whole of an C*P precedes x, but any predecessor of w precedes 
some member of a. 


> > => 
#207231. |: PeSer. q!ltp'a.D. Itpfas C'P n B( Pa = Pia) 


Te. the limit of a, if it exists, is the term whose predecessors are identical 
with the predecessors of some part of a. 


We have also 
#207232. ts. PeSer.D:a2=Iltp'a.=.ve OP —a. Pen = Pq 

This proposition should be compared with *205°54, which (slightly 
re-written) is 

bi. PeSer.D:a=maxp'a.=.reC'Pn a. Pins Pie 

From the two together we arrive at 
#20751. +:.PeSer.3:a=limaxp'a.=.xeC'P Pty = Pig 
which serves to illustrate the utility of “limaxp.” 

We have 
#20724. +: Peconnex.> Theta e0ul.ltpe1—+Cls 

Ie. if P is connected, a class cannot have more than one limit; also 
*20725. +: Petrans.8C Pa.> Tept(a vB) Sthd 


Ie. any terms which have some a’s beyond them may be added to a without 
altering the limit. 

We next have a set of propositions (*207°251—-27) proving that if a 
class has a limit, any single term of the class may be removed without 
altering the limit (#207261), and that in any case, provided the class is 
not a unit class, its minimum (if any) may be removed without altering the 
limit (*207-27). We then prove (*207:291) that if P is a series, and a is 
a class which has a limit, the predecessors of the limit are the class P,“‘a. 


We then have a set of propositions (*207'3—36) on the limit of Pee and 
kindred matters. If # has no immediate predecessor, the limit of Bua: is @, 
and vice versa (*207'32'33). Hence 
#20735. +: Pe RISJ a connex. >. Ditp= CP —-A“ P+ P) 

Je. the limit-points of P are those which have no immediate predecessors, 


We next turn our attention to “limaxp.” This again is one-many, 
provided P is connected (#207-41). We have by the definition 


> => => 
*20742, +: q!maxp‘a. >. limaxp‘a = maxp‘a 
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~ => > > 
#20743. bs maxp‘a = A.D. limaxp‘a = seqp'a = It p*a 
#20744, +. (‘limaxp = U'maxp v C‘Itp = A‘ max, v C‘seqp 


> > > 
#20745. | .limaxp‘a = maxp‘a v ltp‘a 

Also we have 
"20746. k:.a=limaxp'a.=: a= maxp'a.Vv.@=Itp‘a 
which is a very useful proposition, as is also *207°51 (given above). 

A useful proposition in dealing with classes of classes contained in a 
series is 

=> _) > 

#20754. k:PeSer.«C U‘ltp. >. limaxp‘ltp“‘« = limax p‘s*« = Itp‘s‘« 


Je. if every member of « has a limit, the limit or maximum (if any) of 
the limits is the limit or maximum, and in fact the limit, of s‘x. 


We have next a set of propositions (*207°6—66) on correlations, proving 
that the limit, or the limax, of the correlates is the correlate of the limit 
or limax, @.e. 


> ahi 'G 
#2076. =: SePsmor Q.)D. ltpa = Slt S“a 

> > » 
#20764. ':Se PsmorQ. >. limaxp‘a = S“‘limaxg‘S“a 


The last three propositions (*207-°7—-72) are lemmas for use in the theory 
of stretches (*215°5°51). 


#20701. Itp=]t(P)=seqpf(—C‘maxp) Df 

*20702. tlp=tl(P)=precp[(—C‘minp) Df 

*207-03. limaxp = maxp vw ltp Df 

#20704. liminp= minp wv tlp Df 

x2071. bialtpa.=.aseqpa.~q! maxp'a [(«207-01)] 
4207101. f.tlp=1t(P) [%205-102. *206-101 . (¥207-02)] 


We shall not give further propositions on lower limits, unless for some 
special reason, since all of them result from propositions on upper limits by 
means of *207°101. 


> > 

#20711. big! maxp'a.2. ltpa=A [*207°1] 
> > > 

#20712. +: maxp‘a=A. >. ltp‘a =seqp‘a [*207°1] 


> > 
#207121. Fian OCP C Pa... Itp‘a=seqp‘a [20712 . #205°123] 
> > - 
#20713. Fi qtltpa.=.oq!maxp'a.qiseqra [%*207-1] 
~ 


> > > 
#20714. bieqimaxp‘a.v.q!seqra:s:q !maxpa.v.g! ltp a 
[*207°18 . *5°63] 
R&WH 37 
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The above proposition is important because 
~ > 
(a) iy Pmaxp‘a.v.q Ptp.a 
is the characteristic of “ Dedekindian” series, 7.e. of such as fulfil Dedekind’s 
axiom. 
> => — 
#20715. bialtpa.=.veO'P.anOPCP an Pia. Pe C— pi Pan OP) 
[207-1 . #205°123 . #206134] 


> — 
#20716. |. ltpfa=ltp (an CP) [4207-15 . 437-265] 


420717. ble = BYP [%207-12 . #205°161 . 206-14] 
#20718. +: ('*PCDitp.=.C‘P=D'itp , 
Dem. 
b. 20717. Db: OPC Ditp. =. Pu BPC D'tp. 
[*93+103] =.0PCDittp. 
[*207-15] =.OP=D'tp: >t. Prop 


5 
#2072. +: Peconnex.xltpa.D.anOP CPx Pie Pha 
[207-15 . 202-503] 


a 
«20721. b:P?CJ.ceCP.anO'PC Pa. P'xC P“a.d.altpa 
Dem. 


+. 420053. bP GI.D. Pa C— pP(an OP) (1) 
Kl). Dkr Hp.DieeOP.an OPC Pe. PoC — p Pan CP). 
[*206:134] D.xseqpa (2) 
+. #2244. Db: Hp.d.anOPCP a. 

[#205123] Saas fom @) 


F. (2). (3). #2071. +. Prop 
> > 23 
*20722. +: Peconnex.P?@J.2.ltpa= OP a ®(anCPC Pia. Pia Pia) 
[*207-2-21] 
> 
This is very often the most convenient form for Itp‘a. It states that 


a limit of ais a member x of C‘P such that an C‘P wholly precedes a, but 
every predecessor of # precedes some member of a. 


#20723. Fk: PeSer.>. tea =O'P no(Pie = Pa.an OPC Pa) 

Dem. 
b. #1312. #2249, > 

=> > => 
b: Plea = PW .anO'PC Pa. d.an OPC Pin. Pex Pa qd) 
+. 4201'501 437-265. Dt: Petrans. Dian PC Pn. >. Pac Pas 

> = => 

[Fact] Dian OPC P's. PaCS PMa.d. Pla= Pa (2) 
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>- > 

b. #2244. 3D bran OPC Pia. Pin Pha. d.an OPC Pa 6) 

#41). (2).(8).3 

bi. Petrans. Dian CP C Pee, PixC Pa. =. Pin = PH a.an OPC Pa (4) 

F. (4). *207°'22. 3-4. Prop 


> > => 
207-231. |: PeSer.q!ltp a. >. ltpfa=O'P n&(Pe= Pa) [*207'23] 
> 
¥207-232. bi. PeSer.Dixv=ltp'a.=.ceC'P—a.Pia= Pa 


[206-28 . 207-1] 
420724. f: Peconnex.>.lte'te0 U1. Itpe1 + Cls 
Dem. 
+. #206161 . 71-26. (4207-01). 2: Hp.D.Itpel—>Cls. (1) 
> 
[x71-12] D.ltpfaeOvl (2) 


F.(1).(2). 3+. Prop 
=> > 
*20725. +: Petrans.8@C P“a.D.ltp(a vu 8) =Itpfa 


Dem. 
> > 
b. #205193. Dt: Hp.q!maxp'a.>.q!maxp(au 8) (1) 
> => > 
b.(1). #20711. 3+:Hp. gq! maxp‘a. Dd. ltp'a=A .ltp(au By=aA (2) 


+ .*205°193 .*207:12.5 
~ > = > > 
Fb: Hp.maxp'a=A. 2. ltp‘a=seqp‘a. Itp(av 8) =seqp(au B). 
=~ 
[420624] >. ltpfa=Itp'(a v B) (3) 
+ .(2).(3).9+. Prop 
> > 
*207251. : Pe trans. ye P88 — fy). D . ltp§B = ltp(B — ey) 
Dem. 


b.*51222.  Dhrynef. >. Tip'@ = Ter'(8 — t¢y) (1) 
b.#20725. Dt:Hp.d E(B ty) wey =l(8 — uy) (2) 
b .(2).#51-221. +: Hp. ye B.D. Ite’ = ltp(8 — ty) (3) 
£.(1).(3). 94. Prop 


> => > 
*20726. |: Petrans.~(yPy).q !ltp'G. 2. Itp’B = ltp(B — iy) 
[4207-13-12 . ¥206-72] 
> > > > 
*207-:261. |: Petrans. ye minp{@. ql ltp’8.D « ltp68 = ltp(8 — *y) 
[207-26 . 205194] 
> > => > 
*207-262. |: Pe trans a connex .q!ltp'8. D « ltp‘8 = Itp(8 — mmp*R) 
[*207:261 . *205°3] 
> > > 
*207-263. +: Pe trans n connex.D. Itp‘8 C itp‘(6 — minp‘f) 


[%207:262 . *24°12] 
372 
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> > => 
#20727. b+:Petransnconnex.8anC'Pvel.. ltp{8 = ltp(@ — minp‘8) 
Dem. 


> > > > 
+. #24°26101.D +: minp@ =A. >. Itp{@=ltp(@— minp*f) (1) 
F.#*52°181.5 
+: Hp. qimin)@. D.(qy)-yeRoC'P.y+minpp. 
[205-2] D>. (qy)-ye(B a CP) tminp'f. minpB Py. 
[437-1] >. minp“B e P“(B — tminpB). 

a 

[*207-251] D . Ttp'B = ltp(8 — Uminp‘B) (2) 


F,(1).(2).3 +. Prop 
> > 
#20728. +: Petrans..ltp(av P“a)=ltp‘a [*207-25] 
> => > 
*207 281, +: Pe trans .~q I maxp‘a. D . ltp‘P“a=Itpoa 
[207-28-16 . ¥205°123] 
> > > > 
#207282. +: Petrans.~q!maxp'a.~q!maxp'8.P“a=P“B.).ltp‘a=ltp'8 
[207-281] 
> > 
#20729. +: Petrans. >. Itp‘a=ltp‘Py ‘a 
Dem. 
> > 
+. #207:16-28.3+: Hp. >. Itpa=ltp{(au Pia) a CFP} 
[*201°52] = Itp'Py“a: D+. Prop 
=> 
*207 291. +: P etrans n connex. E! Itp‘a.D. Péltp‘a = PyMa 
Dem. 


b. #20729. DhrHp.d.Patpa= Pty Pya (1) 
b.x014172. DE. Pya COP. POP aC PyMa (2) 
£ #2071112. Dt: Hp. dD. seqr*Py a= lbp! Py a (3) 
=> 
F (2). (3). *2063.5+: Hp. >. Pfseqp’ Py“a =tPy “a (4) 
F.(1).(8)-(4). 94. Prop 
> => 
*2073. Fran C’P=A.2.ltp'a= BOP 
Dem. 
= 
+. *205°151161.5+:Hp.3.maxpfa=A (68) 
F.#20614. Dk: Hp.d.seqpfa= BP (2) 
F.(1).(2).*20712. DF. Prop 
420731. +: PE J. ae OP — (P+ P!).D.altp Px 
Dem. 
+ .#206-41.b:Hp.D.maxp P= A (1) 
+. #2064. Dh: Hp. >. wseqp P’a (2) 
F.(1).(2).*207-1. +. Prop 
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420732. f: PeRIJ nconnex. ce ((P—C4P+P).2 2 = lt Pin 
[*207°31-24] 
aed 
#20733. biaeA(P+P%).D.1tp§Pie=A [#205-252. *207°11] 
= 
*207:34. [:Peconnex.altpa.Dd.altp Pie. are A(P +P") 
Dem. 
as 
b. 420715. Db: Hp. d.reCP.an OPC Pavan! PC Pe. 
e_ 
Puy C— p'P“(an CP) (1) 
> --> <- 
FiedO16. DhranC*PC Pix. D.pP\ Pie Cp’ Pan OP). 
-— 
[#2281] >. — p!P*(an OP) C- p'P“ Pea (2) 
> —-—> 
F.(1). (2). +: Hp.d.veOP. PeC—p'P'P a, 
> > => —— 
[22-49] D.weOP. Pn Pn. Pea C — p\ POPs (3) 
— 
+. (1). *202505. +: Hp.d.PiCan CP) vu PMacan OPC Pa. 
[422/62] >. Pea C Pig (4) 
— 
b.(1).*87-2-265. +: Hp. >. Pac Pé Pte (5) 
=> 

E. (4). (5). Db: Hp.d. Pix P“Piy (6) 
+. (3). (6).#20715. 94+. Prop 
#20735. +:PeRi‘J mconnex.>.D'itp=C'P—-A(P +P) 

Dem. |.#*20734.3+:Hp.3.DItpC -A“P+P?) (1) 
b.*20715.3+.Dtpc OP (2) 
F.*20732.3h:Hp.>.C*P-A(P~P*) CD‘ltp (8) 
F.(1).(2). (3). 3+. Prop 

*20736. |: PeRI‘Jn connex.D. 
> => 
D'ltp = ltp<P“{C°P — UP =~ P*)} = lbp PCCP 
Dem. 


+ .4207°32. Db: Hp. >. OP ~C(P+P%) = lip POP (P+ P)} (1) 


b. (1) #20735, Db: Hp. >. Ditp= It POP — (P+ P)} 
F.¥20733. Dh. Ite PM(OPn(P=Py =A 
F.(2).@)e DE Hp. D. Diy = te Buorp 

b.(2).(4). 94+. Prop 


(2) 
(3) 
(4) 


In virtue of this proposition, all limits are limits of classes of the form 


— 
P*x. In this respect, limits (in general) differ from segments. If we call 
Pa the segment defined by a, there will in general be segments not of the 


pe 
form P‘x, These, however, will be the segments which have no sequents, 
and therefore no limits; thus their existence does not introduce limits not 


oy 
derivable from classes of the form P*a, 
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«2074. t:.vlimaxpa.=:emaxpa.v.cltpa: 
= 
ramaxpa.V.~q!maxp'a.aseqpa [(*207:03)] 
#207401. +. liminp =limax (P) [(4207-04)] 
#20741. t+: Peconnex.>. limaxp, liminpe1— Cls 
[a7 1-24. 4205-31. #207-24.. (4207-08-04)] 
> > > 
#20742, +: qtmaxp‘a.. limaxp‘a = maxp‘a [*207-4} 
> = > => 
#20748. b:maxp‘a=A. 2. limaxp‘a = seqp‘a = Itpfa [*207°4] 
#20744. +. Climaxp = (‘maxp v A ‘Itp = U‘maxp v C‘seqp 
[%207°14 . («207°03)] 
> => + 
#20745. +. limaxp‘a = maxp‘a uv Itp‘a §[(*207-03)] 
#20746. b:.a=limaxp’a.=:0=maxp'a.V.a = ltpfa 


i 


Dem. 
as 
.*20745°11. bs. gf maxp‘a. 2: 2=limaxp'a. =.2= maxpa ql) 
— 
. #2074512. :.maxp'a=A.Dia=limaxp'a. =. v= ltpfa (2) 


(1). (2). #532.) 
id ie > + 
rip i maxp‘a. a = limaxp’a .v.maxp‘a=A.2=limaxp'a:=? 


> 
q imaxp‘a. #2 = maxp'a.v.maxp‘a= A. 2 = Itp‘a (8) 
F. (8). #442 ..9 


ts. a= limaxp‘a. 


> > 
rq !maxp‘a.a = maxp‘a.v.maxp‘a=A.2=Itpfa: 


> 
t@=maxp'a.v.maxpa=A.r=ltp‘a: 


[*30°32] = 
[*20713] =ta=maxp'a.v.2=Itpa:. I+. Prop 
> ~ > 
*20747. Fig titpa.=.qtlimaxp'a .wq ! maxp'a 
Dem. 
> ~ > 

b. #2074511. 3b qt ltpa. >. qf limaxpfa.~q ! maxp'a. (1) 

—_ ~ ~ 
+.#20745. Obi q!limaxpfa.~q! maxpa. >. qt ltpfa (2) 


F.(1). (2). D+. Prop 
420748. .limaxpfa=limaxp(an OP) [4207-45 . #205151 . x20716] 


=> > 
«207481. +: Petrans. >. limaxp‘a=limaxp'Py“a 
[207-45 . 205°191 . 4207-29] 


¥207482. |: PeSer.aCO‘P.a=limaxp'a..aC Pyfa 


Dem. 
F.#20522.490151. D+:Hp.a=maxp‘a.d.aC Pea (1) 
F. 207-291. 490-151 . Db: Hp.a=ltp‘a. D. PytaC Pyfa. 
: > 
[490-21] Dac Pyfa (2) 


F.(1).(2). 207-46. DF. Prop 
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> > > —- ” 
#2075. F: PeSer. >. limaxp‘a = seqp' Pa = minp(maxp‘a v seqp‘a) 
[*206:33-35°37] 
— 
*20751. bs. PeSer.D:a=limaxp'a.=.veO'P. Pa= P“a 
[#205°54 . *#207:232-46] 
= 
#20752, F:. PeSer.q! Pa. D:a=limaxp'a.=. Pla = Pia [*207-51] 


> 

*207'521. F:. PeSer.Di2=Itpfa.=.c6OP. Pe = Pa. EK! maxp‘a 
Dem. 

+. #20751.3+:.Hp.d: 


4 
ce OP. Pas P“o. +E! maxp'a.=.a=limaxpa. cE! maxp‘a. 
[*207-46] =.e=ltp'a:. I+. Prop 
*20753. +: PeSer.« CM ‘limaxp. 2. limaxp‘limaxp“‘x = limaxp‘s‘« 
Dem. 
—> . 
b.*20751.3b:.Hp.diaen.Da+ Pélimaxp'a = Pa: 


=> 
[*37°68] 2: Plimaxp“« = P“‘e: 
[*40'5°38] D: Pf limaxp «= PMs‘: 
{*207°51] D: = limaxp‘limaxp‘« . =. v= limaxp‘s‘« 1. D+. Prop 


> ~~ > 
*20754 +: PeSer.«C C‘Itp. >. limaxp‘lt ps = limaxp‘s‘« =ltp‘s*« 


Dem. 
+, #205561. #20713. 5+: Hp. >. sfe~ve U‘maxp. 


= = 
[%207'43] 2 . limaxp‘s‘« = ltp‘s‘« (1) 
b.*207:13-43.9b: Ap. 3. ltp''«=limaxp x. 

= => 
[%207°53] D. limaxp'ltp“« = limaxp‘s“« (2) 


b.(1).(2). D+. Prop 
#20755. +: PeSer.«C U‘ltp. sxe tp. >. limaxp'ltp x = Itp’s%« 


[4207-54] 
~ > 
#2076. +: Se Psmor Q. 5. ltp‘a= S“ltgSa 
Dem. 

> > » 

+. #2058. 437'43.5b:.Hp.:q!maxpfa.=.q!maxgsS“a: qd) 
> > >y 

[20711] Diqimaxpia.D.ltpasA.ligS a=A (2) 


+.(1). Transp. *207:12.5 
> > ->Yy > 
b:. Hp. maxp'a= A. 2: ltpfa = seqp‘a . ltg’S**a = seqg’S*a 
> —> 
[*206°61] > + Itpfa = S*‘ltg'S**a (3) 
bk. (2). (8). #3729. 3+. Prop 
#20761. +:.SePsmorQ.>:E!ltpa.=.E! It Sa [#207°6 . *53°3] 
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420762, +: Se PamorQ.E! ltp'a.D.ltpfa= SltgSa [#2076 .#53°31] 
420763, 1S PSii0t Q.D.Itple = S*ltg Se 


Dem. 
b. x207°6 #405. Db: Hp. D. ltphte = 9S Ttg Se 
[+40'38'5] = Sty Ses DF. Prop 
~~ > 

#20764. +: SePsmorQ. >. limaxp‘a = S‘‘limaxg’S“a 
[4205'S . 4207-6-45] 

420765. b:.SeP amor Q.:E!limax,‘a.=. E! limaxg'S*a 
[*207°64] 

420766. |: Se Paik Q.E! limaxp'a, >. limaxp‘a= Simaxg!S« 
[#207-64] 


#2077, +: Petrans.v.P?GJ:3: 
limin p‘y = limaxp‘y. D . liminp‘y = minp‘y = maxpy 
Dem. 
+. #2074243 .3+:E! minp‘y. E! limaxp’y.~E! maxp*y.). 
liminp‘y = minp‘y . limaxp‘y = seqp’y « 


[*205°11.%206-2] >. liminp‘y ey. limaxp’y~wey. 

[*13-14] >. liminp‘y + limaxp’y (1) 
Similarly 

b:E! maxp‘y. E! liminp’y .~E! minp‘y . >. liminp‘y + limaxp‘y (2) 
b .*206°732 . *207-43°12.> 

Fb: Hp.~E! minp‘’y .~E! maxp‘y . 3 .~ {liminp‘y = limaxp‘y} (8) 
F.(1).(2).(8). 0+: Hp. liminp‘y = limaxp’y. >. El minp‘y. E! maxp‘y. 
[*207°42] >. liminp‘y = minp‘y = maxp*y: Dt . Prop 


#20771. +:.Peconnex: Petrans.v. P?€ J: liminp‘y = limaxp‘y iD. 
yaOPel.yan OP =U limaxp’y 
[#207-7 . *205°73] 
#20772, +: Peconnex. P?GJ.3: liminp‘y =limaxp'y. =.yn CP el 
(#207°71 . #205°731°17 . *207'42] 


*208. THE CORRELATION OF SERIES 
Summary of *208. 


The propositions of this number are chiefly important on account of their 
consequences in the theory of well-ordered series (*250 ff.) and in the theory 
of vector-families («330 ff), When two well-ordered series are ordinally 
similar, they have only one correlator; and a well-ordered series is not ordinally 
similar to any of its segments. Of these two propositions, the first is an 
immediate consequence of *208°41, and the second is an immediate con- 
sequence of *208°47. 


Propositions concerning correlators of two relations P and Q are obtained 
from propositions concerning correlators of P with itself, by means of the 


fact that, if 8S, 7 are two correlators of P and Q, S| T is a correlator of P 
with itself Again, correlators of P with itself are considered, in this 
number, as a special case of correlators of P with parts of itself. This 
latter is a notion which will prove important for other reasons than those for 
which it is used in our present context. If P is connected, and S correlates 
P with part of itself (so that S}P¢P), C‘P will contain terms of three 
kinds, (1) those for which S‘x=., (2) those for which (S‘) Px, (8) those 
for which xP(S‘x). Our propositions result from the non-existence (under 
certain circumstances) of maxima or minima of classes (2) and (3). 

The following definition defines “correlations of P with parts (or the 
whole) of itself” The letters “cror” stand for “ordinal correlation.” For 
a cardinal correlation, should occasion arise, we should use “cr,” te. we 
should put 

crfa=s‘sma“Cl‘a Df, 
so that Seerfa.=.Selo1.dS=a.DSCa. 
For the present, we are concerned with the corresponding ordinal notion; 
thus we require 
SecrorfP.=.Selo1l.dS=CP. PEP. 
This is secured by putting 
cror‘P = s‘smor P“RI§EP Df. 

It will be observed that if a is what we called a “non-reflexive” class 
(cf. *124), erfa= eT fa, and Secrfa.>.D‘S=a. When C*P is non-reflexive, 
the same is true of P; and when (*P is reflexive, P is also reflexive, in the 
sense that it contains proper parts similar to itself, though if P is well- 


ordered, such proper parts cannot be segments of P, but must extend to the 
end of C«P. 
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The class of correlators of P with the whole of itself, 7.2. Psmor P, is 
a sub-class of cror‘P, and is specially important. This class differs widely 
in its properties from the corresponding cardinal class. If a has more than 
one member, the class a Sma (which is the “permutations” of a in the usual 
elementary sense) always has more than one member. But the class P smor P 
(which consists of such permutations of C‘P as keep the order unchanged) 
will consist of the single term I[C*P, unless C“P contains classes which have 
neither a minimum nor a maximum, in which case there will be many corre- 
lators of P with itself. As a simple illustration, take the series of negative 
and positive integers in their natural order. Then if v is any one of these 
integers, + is a correlator of the whole series with itself. If we take only 
the positive integers, +v is no longer a correlator of the whole series with 
itself, since all integers less than v are omitted from the correlate. 

The first important use of the propositions of this number is in the 
beginning of the theory of well-ordered series (#250). The propositions there 
used are 
#20841. +: Peconnex. P?GJ.Clex‘C*P C U‘minp v U'maxp . 

PsmorQ.>.(P smor Q)e1 

Le. if P is connected and asymmetrical, and every existent sub-class of C“P 
has either a minimum or a maximum, P and Q cannot have more than one 
correlator. 

#20842. In the same circumstances, P smor P= «(IT C*P) 
*208'43, +: Clex‘O‘P C U‘minp. Secror’P. 3D. (qa). (S‘x) Px 

Le. if every exiscent sub-class of C«P has a minimum, a correlator of P with 
part of itself can never move terms backwards. Thus for example, to take 
a simple instance, an infinite series consisting of some of the natural numbers 
in order of magnitude cannot have its uth term less than u. 

#20845. |: Peconmnex . Clex‘C*P CC ‘minpn U‘maxp.3. RI PaNr'P=uP 

I.e.if P is connected and every existent sub-class of CP has both a maximum 
and a minimum, no proper part of P is similar to P. This proposition is 
important in the theory of finite series and finite ordinals. 


e_ 
#20846. +: Clex‘C*P CU ‘minp. Secror'P.3.0°P an p'P“DIS=A 
Le. if every existent sub-class of C-P has a minimum, a part of P which is 
similar to P must go up to the end of P, ze. must not wholly precede any 
member of C*P, 
#20847. +: Clex*O‘PCUminp.QEP ql O'Pn pPHOrd. >.~(Qsmor P) 
This is an immediate consequence of #208°46. 


: The proof of the above propositions proceeds simply by showing that 
if Secror‘P and (S‘z) Px, then (S*‘S‘x) P (S*z), so that x is not the earliest 
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term for which (S‘) Pa, since S‘e is an earlier term for which the same 
thing holds. Hence @ {(S*‘x) Pz} can have no minimum; and similarly 
2 {xP (S‘x)} can have no maximum (*208'14). So far we require no hypothesis 
as to P. Assuming now Peconnex.P?@J, we show similarly that if & 
correlates the whole of P with itself, 2 {(S‘x) Px} can have no maximum and 
@ {xP (S*x)} can have no minimum. 

Propositions about correlators of P with Q follow from the above by 
taking two correlators S and 7, and applying the above propositions to 


S| L, which is a correlator of P with the whole of itself. 


#20801. cror‘P=s‘smor P“RISP Df 
«2081. +:SecrorsP.=.Selol.ds=CP.S3PEP 
Dem. 
+. 40-4. (420801). *15111.3 
F:SecrornsP.=.(qQ).QEP.Sela1.dS=CP.Q=SP. 


tou 


[#13195] =.G8el51.0°8=C'P.S3PEP:D+. Prop 
#20811. +:SecrorfP. 3.9 PE PE DS 
Dem. 
+. #150203. 3+: Hp.d:a(SP)y.3.2,ye D'S (1) 
F.#2081. Dt: Hp.d:2(SiP)y.D.ePy (2) 


b.(1).(2). DE. Prop 
#208111. F: Secror*P.>.DS=CSP=S*CP. DISCOS 
[4150-22-23 . *208°1 . *83°265] 
420812. b:SecrorP.>. SSP =P.PESP [x151-252-26 . ¥208-1] 
*208:13. +: Secror‘P.(S‘x) Px. .(S*S*x) P (Sx) 
Dem. 
£20812. 3b: Hp. D.(S'x) (SP) a. 
[#15041] D.(S*S*x) P (S'x): DF. Prop 
#208131. |: Secror‘P.#P (S‘a).D. (Sx) P(S‘Sa) [Proof as in #208-13] 
420814, +: SecrorP >. minp 2 {(S'2) Pa} =A. maxp'@ {oP (S'2)} ~A 
Dem. 
+. #20818 . #203. Db:. Hp. 3:26 @((S*x) Px}. 3. S'xed {(S‘x) Pa}. (S'x) Pa. 


[437-105] Dd. xe PHB (Sa) Px} (1) 
F.()-#248. Ibs Hp. 2.@{(S'e) Po} — PX (Sa) Pa =A. 

[20511] >. minp‘@ {(S') Pa} =A (2) 
Similarly +: Hp. >. maxp@ {aP (S*x)} = A (3) 


F.(2).(3). DF. Prop 
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Thus the proof that #{(S‘) Px} has no minimum, and 4{xP(S*‘«)} no 
maximum, requires no hypothesis as to P. The proof that 2 {(S*x) Pa} 
has no maximum, and 2 {#P(S‘x)} no minimum, requires the hypothesis 
Peconnex. P?GJ. This proof results from the following propositions. 


42082, +: Peconnex. P'CJ.Secror’P.>.P=SP.8P =P Ds 
Dem. 


b. #15041. Db: Hp. 2:0(SP)y. =. (Sx) P(Sy). 

[50-43-45] D. Skat Sty [(S*y) P(S'2)} « 
[#80°37.#150-41] Diaty.nfy(SP)a}. 
[{*208-12.Transp] D.x¢y.~(yPx) qd) 
b . 4150-208. De:a(SP)y.d.0,yeAs (2) 
F.(2). 208-1. Den Hp.d:2(SP)y.d-0,yeOP (3) 
b. (1). (3). #202108. Ds. Hp. 10 (S3P)y.D.aPy (4 
+. (4).#20812. Db: Hp.d.P=SP (5) 
b.(5). Dt: Hp.d. SP=G5P 

[#150'38] = PLDs (8) 


b.(5). (6). DF. Prop 


420821. +: Peconnex. P'GJ.SecrorP . (Sa) Po. ve D'S. >. aP (Sx) 
Dem. 
+ .483-43.F: Hp. d.(S)(P[ED‘S) a. 
[#2082] >. (S'2)(SP) a. 
[#1 50°41] >. (S'8'a) P (Sx). 
[¥72241.433-43] >. @P (Sa): DF. Prop 
*208-211. |: Peconnex. P?GJ.Secror’P.«P (S‘x).c2eD‘S.D. 5) Pa 
[Proof as in *208-21] 
#*208-22. +: Peconnex. P?°GJ.SecronP.ASCDSS.3. 
maxp‘@ (Sx) Pa} = A. minp'@ {eP (S'a)} =A 


Dem. 
b.«33°43. Dr: Ap.d: (Sa) Px. d.ceDS. ve U'sS. 
(*208-21] >. oP (Sa). we M's. 
[#72241] >. oP (Sa). Swed (Se) Pa}. 
[437-1] >. we PMR (Sa) Pa} (1) 
F. (1). #205-123.>+: Hp. >. maxp'@ {(8'a) Pa} = A (2) 
Similarly Fr Hp.>. miny‘@ {aP (Sta)} = A (3) 


b.(2). (8). +. Prop 
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Observe that, in virtue of «208111, the above hypothesis gives 
D‘s=d‘S=CP, so that Se Psmor P. Hence we are led to *208'3, 
#2083, +: Peconnex. P?GJ,.SePsmor P.>. 
> 
wg lminp® {(S'x) Px} wg! maxp@ {(S‘x) Pa}. 
> 
~q! minp'2 {aP (S*z)} wg! maxp'2 {xP (S*x)} 


Dem. 
b.x15111 .¥150°23.5+:Hp.d.Selw1l.GS=CP.S3P=P.D‘S=O'P, 
[*208-1] >. SecrorP. C'S = D‘8 (1) 


F .(1). #2081422. 3+. Prop 
420831. +:S,TePamotQ.>.8|TePamor P [*151-131-141) 
#20832. +:Peconnex. P'CJ.S,Te PsmorQd.>. 
> v _~ v 
~q ! minp‘@ {(S*7*x) Pa}. ~q ! maxp'@ {(S‘7"2) Pa} . 
aa v - ws. 
~@! minp? (wP (S‘T"a)} . wg ! maxp'? [wP (S*T*a)} 
[*208'3°31 . #3441] 


#2084. +: Peconnex. P?GJ.Clex‘C*P CU'minpv U'maxp. 
8,TePsmorQ.3.S=7 


Dem. 
F. #20832. Db: Hp.d.2 {(ST*2) Pa} = A. (wP (S*T*x)} = A (1) 
+. #20831 .48441. Dh: Hp. D:reOP.d.9'Tae OP (2) 
b« (1) «(2) «#202103. 2b Hp. Dive OP. 2.8 Tana. 
[#72241] >. Tae= Sx: 
[#150-23] D:eeDSUDT.>. a= Sa: 
[*33-46] 3:S=T7:.3+. Prop 


#*208'41, +: Peconnex. PG J.Clex‘C*P C d‘minp v U‘maxp. 
PsmorQ.>.(Psmor Q)e1 
[¥208-4 . &#151:12 . 52°16] 


The above proposition is of great importance in the theory of well-ordered 
series. 


#20842. +: Peconnex. P?€ J. Clex*C*P C d‘minp v d‘maxp. 3. 
Psmor P =t(If C*P) 
[*208-4. 451-141. 4151-121] 
#*208°43, F: Clex‘C‘P C U‘minp. Secror‘P .3.~(qa).(S‘a) Px [*208°14] 


#208431. t: Clex‘O*P C U‘maxp. Secror‘P..~(qv).a2P (Sx) {*208-14] 
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#20844 &:Peconnex. Clex‘O*P C d'minp n U'maxp. SecrorsP. 3. 


S=IfCr 
Dem. 
b, 208-438-431. #2021038.3+:.Hp.d:veC(P.3.Se=a. 
(#50°14.%35°7] 2. Se =(IP CP) x: 
[¥208°1.450°5°52] DiveMSu CUP OP).>.Se= (POP) a: 
[#33°45] 2:S=IfCP:.5+. Prop 


In virtue of this proposition, if P is a finite series, no proper part of P is 
ordinally similar to P. (It will be shown later that a finite series is one 
in which every existent contained class has both a maximum and a minimum.) 
The following proposition gives a more explicit form of the above result. 


4208-45. +: Peconnex.Clex‘C*P C U‘minpn U‘maxp. >. RifPa NrfP=U'P 


Dem. 
b.*208441. Dt:.Hp.d:Sela1.dS=O'P.HPEP.D.S=IPC RP. 


[x150°534] >.SiP =P (1) 
b.(1).#1312. 3b: Hp.3:QEP.Sel1.AS8=C'P.Q=SP.5.Q=P: 
[¥151-1] 3:QGP.QsmorP.5.Q=P: 

[4152-1] 2:RMPoaNr'P CP (2) 
b, #6134. #1523.Db. uP CRIMP an NrfP (3) 


+ .(2). (3). DF. Prop 

The following propositions are useful in the theory of segments of well- 
ordered series, since they show that a well-ordered series is never ordinally 
similar to any of its segments. 


420846. f: Clex‘OP CU'minp. SecromP .>.0'P ap’ P“D'S= A 


Dem. 
b.x2081. DE SecrorP. Dive OP apP“DS. >. (Sa) Pa: 
[Transp] Din {(S'2) Pal .D.aveOPap PDS (1) 


F. (1). #20843. 3+: Hp.d. (2). eve CP apP“DS: D+. Prop 


#208461. +: Clex‘O‘P CCU‘minp. SecrorsP. qt P.3. p'PHD'S = A 
[#208-46'1 . 40°62] 


#20847, £:Clex‘C*P CU minp. QE P.qgiCP np Pua. D.~(Qsmor P) 


Dem. 
F . 4208-46 (4208-01) . > 
Fi Hp.:Q€P.SeQamet P.>.0'P ap PDS =A (1) 


F (1). Transp . #15111 . #15023. 

<_ 
ts Ap.3:Q€ P.gi OP ap PHO™.D.(S).SveQsmor P. 
{#151-12] 2.~(Qsmor P):.>+. Prop 


SECTION B 


ON SECTIONS, SEGMENTS, STRETCHES, AND DERIVATIVES 


Summary of Section B. 


In this section, our chief topic will be sections and segments. This topic 
will occupy #211, #212 and *213, and «210 will consist of propositions whose 
chief utility lies in their application to segments. In #214, we shall consider 
Dedekindian series, which are intimately connected with segments, owing to 
the fact that one of the chief propositions in the subject is that the series of 
segments of a series is Dedekindian. In *215, we shall consider “stretches,” 
which consist of any consecutive piece of a series, and are constituted by the 
product of an upper and lower section. Finally, in #216, we shall consider 
the derivative of a series, or of a class a@ contained in a series: the former 
is the series of limit-points of the series, ze. P[ D‘ltp, the latter is the class 
of limits of existent sub-classes of an C°P, we. ltp‘Cl ex(an CP). 


A class is called a section of P when it is contained in C*P, and contains 
all the predecessors of its members, 7.e. a is a section of P ifaCC*P. PaCa. 
Thus a section consists of all the field up to a certain point. It may consist 


aan 
of all the predecessors of 2, #.e. it may be of the form P‘sx; or again, it may 


consist of these together with z, in which case it is of the form P‘x ue‘z; or 
again, it may be not definable by means of a single sequent or maximum, 
but be of the form Pa, where « is a class without a limit or maximuin. 


The class of sections of P is denoted by sect‘P. A section of P will be 
called an “upper section” of P. 


The idea of a segment is slightly less general than that of a section. We 
define a segment of P as any class of the form P*‘a, ie. as any member of 
D‘Pe. Provided P is transitive, segments are contained among sections. 
But even in a series sections are not, in general, contained among segments: 
if P is a series, and if z is a member of C*P which has no immediate 


> 
successor, P‘x v t‘x will be a section but not a segment. 


If a segment has a maximum, it must also have a sequent. Segments 
which have no maximum form a specially important class of segments: these 
are classes a such that a= P*a; they form the class D‘“(P, 4 J). 


The properties of sections and segments considered as classes of classes 
are many and various: they are considered in *211. In *212, we pass to 
the consideration of the series of sections and segments. These series are 
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P,,[ sect“P and P,,[ D‘Pe (cf. #170). The series of such segments as have 
no maximum is P,,.[D(P.AI). We put 
P= P,,p D‘P. Df 

sgntP = P,P DY(PeAD) Dt 
It then appears that 

s‘Py =sgm‘Py = P,,f sect‘P, 
so that it is unnecessary to introduce a special notation for the series of 
sections. 


Whenever P is connected and transitive, P,,[ D‘P. turns out to be 
equivalent to logical inclusion combined with diversity (with the field 
limited to D‘P.). That is to say (*212°238), 

+: Petransn connex.>.9‘P=48 (a,8eD'P..aCB.at fh. 
Hence it follows (*212°24) that 
bt: Py econnex.>. s'Py= 48 (a, Be sect(P .aC B.at Bh. 
We have also (*211°6'17) 
bs. Py econnex.a,fesect(P.di:aC8.v.8Ca 
Hence it easily follows that whenever Py is connected, s‘Py is a series. 
Similarly s‘P will be a series if P is transitive and connected. 
The fact of connection, which is required in order that ¢‘P or s‘Py may 
be a series, results from 
a,Besect'P.D:aCB.v.BCa 
or a,BeD'P..D:aCP.v.BCa. 
In order to deal with such cases generally, we study, in a preliminary 
number (#210), the consequences to be deduced trom the hypothesis 
a,Bex.DaptaC8.v.BCa. 
We find that, with this hypothesis, putting 
Q=88(aBex.aCB.atZ), 
Q=P,[ «if « CClC*P (*210°13), and thus in the same circumstances P,,> « 
is a series (4210-14). 

The interesting point about such series is their behaviour with regard to 
limits. Assuming that « is not a unit class (so as to insure {!Q), if A is any 
sub-class of «, the logical product p‘A is the minimum of ) if it is a member 
of > (*210°21), and the lower limit of \ if it isa member of « but not of X 
(*210°23). Similarly s is the maximum of X if it is a member of X 
(#210°211), and the upper limit of if it is not a member of A but isa 
member of « (*210-231). Thus if « is such that, whenever XCx, we have 
sXe x, it follows that every sub-class of « has either a maximum or a limit, 
ae. the series P,,[ « is Dedekindian. Now each or the three classes sect‘P, 
D‘P., DP. 1) verifies this condition, 7. the sum of any sub-class of any 
one of these classes belongs to the class in question (#211:63°64°65). (This 
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holds without any hypothesis as to P.) Hence we arrive at the result that 
s‘P (ie. the series of sections) is a Dedekindian series whenever Py is 
connected and P is not null (#21482), while s“P (ze. the series of segments) 
is a Dedekindian series whenever P is transitive and connected and not null 
(#21433), and sgm‘P (the series of segments having no maximum) is a 
Dedekindian series whenever it exists and P is connected (*214'34), These 
propositions are important, and are the source of much of the utility of 
sections and segments. 


For many purposes, especially in ordinal arithmetic, it is necessary to 
consider sections not as classes, but as series. That is to say, if a is a 
member of sect‘P, we want to deal with P[a rather than with a. The 
series of all such terms as P[a might be supposed to be Pfis‘Py. But 
here a limitation is necessary owing to the fact that, if B{P exists, A and 
u'B‘P are both sections, and PEA and Pt i‘B*P are both A, so that 
Pis'P, will be a relation which A will have to itself. In order to avoid 
this, we first exclude A from the sections to be considered, and thus put 

P= PPi(sPy)E (-UA) DE 
Then P, is the series of sections considered as series, Provided P,, is a 
series, the relation P; holds between any two members Q and & of its field 
when, and only when, QER.Q+H#. The subject of P, is considered in 
#213; the utility of the propositions of this number will not appear until we 
come to ordinal arithmetic. 


The subject of Dedekindian relations is next considered (#214), We 
define a Dedekindian relation as one such that every class has either a 
maximum or a sequent. A Dedekindian series must have a first and a last 
term, since the first term must be the sequent of A, and the last must be 
the maximum of the field. A Dedekindian series may be discrete, or compact 
(ie. such that there is a term between any two, ze. such that P?= P), or 
partly one and partly the other. A finite series must be Dedekindian: a 
well-ordered series is Dedekindian if it has a last term. But the chief 
importance of the Dedekindian property is in connection with compact 
series. A compact Dedekindian series is said to possess “Dedekindian 
continuity”; such series have many important properties. They are a 
wider class than series possessing Cantorian continuity; these latter will 
be considered in Section F of this Part. 
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#210. ON SERIES OF CLASSES GENERATED BY THE. 
RELATION OF INCLUSION 


Summary of *210. 


Tn the theory of series it frequently happens that we have to deal with 
a class of classes such that, of any two, one is contained in the other. Le. 
if x is the class of classes, we have 

a,Bex.Iog:aCB.v.8BCa 

Instances of this are afforded by the various classes of sections, to be 
considered in *211. When « fulfils the above condition, the classes com- 
posing « can be arranged in a series by the relation of inclusion (combined 
with inequality), ze. by the relation 


QB (a,8ex.aCB.atZ), 
or, what comes to the same, 
8 (a, Bex. a!B—a). 
If P is any relation such that « CCI‘C*P, the above relation of inclusion is 


equal to 

Pryf «. 
(For the definition of P,,, see *170.) Thus under the above circumstances, 
P,,[ « is a series, whatever P may be. 


The importance of such relations of inclusion, as generators of series, is in 
connection with the existence of maxima and minima or limits. If we put 


A 
Q= 48 (a, Bex. q!A—a), 

where « satisfies the above condition, then if \ Cx, and if s‘re«, sd is the 
maximum or the upper limit of X with respect to Q, according as s‘A is a 
member of A or not. Similarly if p‘\e«, p*X is the minimum or lower limit 
of X, according as p‘A is a member of A or not. Hence if « is such that the 
sum of any sub-class of « is a member of «, every sub-class of « has either 
a maximum or an upper limit; and if the product of every sub-class of « is 
a member of «, every sub-class of « has either a minimum or a lower limit. 


In order that every sub-class of « should have a minimum or a lower 
limit, it is sufficient that the sum of every sub-class of « should be a member 
of «. For, if X is any sub-class of «, ecnsider those members of « which are 
contained in p‘n, ie. 

en Clr. 
If pv. ex, the sum of these classes = p‘X, and is the lower limit or minimum 
of «. But if p~ex, then every member of « which is not contained in 
3‘(« a Cl*p) is also not contained in p‘r, and is therefore not contained in 
some member of X. Hence s‘(« m Cl‘pX) is the lower limit of 2d. 
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It is owing to these propositions that segments of series are of such great 
importance in connection with limits. 

The hypothesis that if Cx, p‘d is a member of «, will usually fail to be 
verified in the case when A=, since in this case p‘A=V. But all the 
results desired can be obtained from the hypothesis that, ifA C x, (p‘r. sx) ex, 
This hypothesis is equivalent to the other except in the case of A, in which 
case it requires s‘« ex, which is much more often verified than V e«, which 
was required by the other hypothesis. 

The principal propositions of this number are the following: 

#2101, Fira, Bex.Dop:aCR.v.8Ca:.Di.0,hex.DiaCB.at8.=.q!R—a 
#21011. +:Q=88(a Bex. aC@.a+8).>.Qetransa RIS 

*21012. +: Hp #210°111.3.QeSer 

#21013. +: Hp *21012.<CCIOP.3.Q=Pyb« 


~ 
#2102. Fs Hp *210'12.cve1.3. ming A=AnKAUp(ANK) 
#21021. +: Hp *2102.X4CK.prNer.D.mingA=pr 
%*210°211 gives an analogous proposition for s‘A and maxg. We shall not 
here mention such analogues, unless for some special reason, 
#21023. +: Hp*2102.A4CK.prex~A.D.p'r= prece'rA= thor 
#210232. + : Hp *210°2.ACK. prex.D.pr=liminp'r 
> > 
#210251. +s. Hp #210°2:A CK. Dy. 8 NEKIIIACK. D.9'Xe(Maxg’A Ysegg'A) 
#210252. :. Hp #2102:ACK. Dd .praseexid: 
= > 
ACKe.D. pr 0 5% e (ming‘A v prece'A) «pr A sfx = liming’A 
#210254, b : Hp *210°251.3.(A). Xe T'maxg v M'seqg 
#21026. +: Hp*2102.ACK.prrer.s(eanClprjex.d. 
3f(« n Clip‘r) = precy’ 
#21028. |: Hp *210°2.sCl'«Cx.>. 
(A). Ae (Cimaxg v Céseqg)n (A'ming v A‘precg) 
Thus if « is a class of not less than two classes such that, of any two of 
its members, one must be contained in the other, and if Q is the relation 
aC8.a+ confined to members of «, then Q is a series (x210°12) in which, 
provided the sums of sub-classes of « are always members of x, every class 


has either a maximum or an upper limit, and every class has either a 
minimum or a lower limit (#210°28). 

The reader will observe that, if a,8ex.D,,g:aC 8.v.8Ca, any finite 
sub-class of « must contain its own sum and product as members. For 
example, if we have two classes a and £, if aC, then a=p(t'av t*8) and 
B=s(t'aut*8); if we have three classes a, 8, y, and aC8.8Cy, then 

38—2 
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a=p(vaviBuity) and y=s(iauctBucty); and so on, Thus the 
hypothesis s“Cl‘*eC« is only required in order to enable us to deal with 
infinite snb-classes of «. 


#2101. F:1a,Bex.DagiaCB.v.8Ca:D:.0a,Bex.diaCB.a$B.=-q!B—a 


Dem. 
b.24°6 DkiaCB.at@.d.q!B—-a (1) 
b.k2455.  Dkig!@—a.D.~(8Ca). (2) 
[¥22-42] D.at@ (3) 
b #253. Ds. Hp.a, Bex.n(BCa).2.aCB (4) 
b.(2).(8).(4). Db: Hp.a, Bex. Diq!@B-a.Dd.aCPh.atB (5) 
F.(1).(5). DF. Prop 
#21011. 1:Q=48 (a, Bex.aC8.a4Q@).>.Qetransa RI 

Dem. 

F. #5011. DF: Hp.d.QeRMST qd) 
b.#22°44, Dh: Hp.d:aQB-BQy.d.aCy (2) 
b.#24'6 42133. :. Hp. d:aQ8.6Qy.2.q!B-a.BCy. 
[#2458] D.qiy—a. 
[#2421] D.aty (8) 
F.(2). (8). Dkr Hp. d:aQ8. BQy. >. aQy (4) 
.(1).(4). DF. Prop 
#21012, +: Hp*210111.5.QeSer P 

Dem. 
F.x101. DkiHp.a Bex. DraCP.v.BCa: 
[*5°62] D:iaCP.atP.v.8Ca.Bt+a.v.a=8 (1) 
F.#2133. Dk: Hp.d:aQ@.Dae-% Ben: 
[¥33'352] 2:0°QC« (2) 
F.(1).(2). bi: Hp. ds, Be CQ. 3:aQ8.v.8Qa.vV.a=8 (3) 


fF. #21011 . (8). #20412. . Prop 
#210121. | : Hp #21012.5.D‘'Q=«-U's'e. TQ =«n—- Up 
Dem. 


F.*2138.Dh::Hp.DraeDQ.=:aex:(q8).Bex.aCB.atB: 


[{*210°1] =raex:(qf).Bex-qif—a: 
[#40°151.Transp] Siack.q!s'e-a: 

[#2455] Sraex.~(s%Ca): 

[22°41 40°13] Stack.atse () 
F.#2133.3h::Hp.diaeOQ.=:acK3(qB). Bex. BCa. Bea: 
[*210-1] =:aex:(G@)-Sex.qia—B8: 
[#40°15.Transp] Sriaex.qla—p‘«: 

[24:55] =raex.n(aC px): 

[22:4] 40°12] Eracx.adp'« (2) 


F.(1).(2). DF. Prop 
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#210122. Fs Hp #21012. ¢v61.3.0°Q=« 


Dem. 
F.*52181.5b:: Hp. dicen. D:(qh)- Bex. Bea: 
[Hp.*10°1] D:(qB): Rex. B+araCB.v. Ca: 
[*21:33] D:(qB): Bex aQB.v.BQa: 
[#33:182] D:iaeCQ (1) 
F. #2133. Dk:.Hp.d:aQ8.2.¢6.4,f8ex! 
[33-352] D:0°QCe (2) 


F.(1).(2). DF. Prop 
#210123, t: Hp*21012.cc0vl.3d.Q=A 


Dem. 
+. #5241. Transp. +: Hp.3.~(qa,8).a,Bex.aFB. 


[*21°33] D.~(qa, 8) -aQB: d+. Prop 
#210124 F:.Hp#21012.3:aQ8.=.a,8ex.qi8—a [*2101] 
#21013. +: Hp*210'12.«CCIC'P.3.Q=P,.[ « 


Dem. 
b.*170102.3h:.Hp.d:a(Pyf«)8.=.0,8e«.q!B—a—P"(a—-B). (1) 
[*210°124] 2. aQe (2) 


F. #2101124. b:. Hp. d:aQ@.3.4,8en.qiB—a.aCB. 


[437-29] D.a,Bee.G!@—a.P(a-p)=A. 
[2423-313] D.a,Bex.q!8—a1—-P“(a—8). 
[d)] 2.a(Pif xB (8) 


F. (2). (3). DF. Prop 
Thus under the hypothesis of *210'1, P,,[ « does not depend upon P, so 
long as « C Cl‘C*P. Also we have 
«21014. +: Hp*2101.«CClKCP.3.P,.[ «¢Ser 
[4210-12-13] 
#21015. +z. Hp *21012.0, Bex. d:~(aQ@). 
[#2107124 . #24°55] 


#21016. /s: Hp *210°1.5:. 
ae ACK DiaCprA.v.praCaraCsr.v.srACa 


BCa 


Dem. 
F.*l01.3b::Hp.wee.r Cu. D2. Ber. dgiaCB.v. PCa: qd) 
[*10°57] 3:1. Ber. dg.aCBivi(qs)Ber.8Ca:. 
(¥40°15°12} DruaCpr.v.prACa (2) 


F.(1). #1057. 

Fis Hp.aew.ACw. D2. Ber. Dp. BCaivi(qh).Bex.aC Bi. 
[%40°151-13] DisrACa.viaCsr (3) 
F.(2).(8). DF. Prop 
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#21017. b:Hp*21012.4CxK.3. 


e-OR= KN Cip'r ne —- Qa = ang (sraCy) 
Dem. 


+ .#87°105.. Transp . > + s.cee—Q' A. taex: BEX. Dg. (BQa) (1) 
b.(1) #21015. 


bi:Hp. Ds. aee—Q'X.staee: Bed. De ACB: 


[*40°15} sraexnCl'p'a (2) 
Similarly + :. Hp. Draex—Q*X.=.aexnn9(srCy) (3) 
+. (2). (8). D+. Prop 


~ 
#2102. +: Hp*21012.cve1.3.mingkd=AnKatp(Ank) 
Dem. 
~ ~ 
F. #205°15 . #210122. 3+: Hp. D. ming’A = ming“(A A x) 


[4205-11] =rnn—-Q"(Ann) 

[21017] =AnKACl*p(rAnK) (1) 
b.x4012.Dbr.aerAnw- DIip(Ank)Ca: 

[22°41] DiaCp(rAnk).=.a=p(rAnk) (2) 
b. (2). 45°32. Db Anan ClpAnk=rAnKA Up (AA k) (3) 


F.(1).(8). 3. Prop 
Observe that An« autp(Anx) is either Up(An«) or A, according as 
pA ox) is or is not a member of Ank. 
> 
#210201. F : Hp #2102.AC Ke. >. ming ASA AN UD 
[*210°2 . *22°621]} 
—~ 
#210202. f : Hp *210°2.5.maxe'A=AnKALs(ANk) 
[Proof as in *210°2] 
_s 
#210°203. |: Hp *2102.4C«.>.maxg'A=An LSA 
[210-202 . #22'621] 
#21021. |: Hp *2102.XCK.prcrd.D. ming’ A= pr 
[210-201 . #51°31] 
#210211, bs Hp*210°2.ACx.s eA. D. maxg’rA = sr 


[*210-208 . #51'31] 
~ 
#21022. bs Hp#210-12.AC «pred. dwg! mingA 
[4210-201-123 . #51211] 


4210-221, bs Hp #21012. Ce. s'wed. Deeg! maxgd 
[#210°203°123 . *51'211] 

#210222,  :, Hp 210-2. Cx.Diprer.=. El minga 
[*210'21-22) 
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#210223. | :. Hp *2102.rC«.D:8'Xed. =. Bena 


(210-211-221) 
#21023, +: Hp #210:2.XCK.prNex—A- DP. pA = prece'r= tor 
Dem. 
> 
+. *21022.3+:Hp.>.mingA=A. (1) 
[*205°122.%210°122] D.rC QA (2) 


b.(2). sees *206°174. a 

-:Hp.>. preco'h= on aQa= Q*n) 

[210122] =eaglgas On) (3) 
+ .*37'105. #210" 124.3 


F:.Hp.3: BeQ*r. (qy) yer. GIB—-y-Bex. 


[*40°15.Transp] =. B-—pr.Ben. 
[4210124] =.(p9) 08 4) 
b.(4). Dk: Hp. dD. pren- Qpraer. 
{(3)] 2. pire precg® (5) 
bf .(5). #210°12 . #20616. D+: Hp. >. pr = precg'r (6) 
b.(1)0(6)-*20712. Dk: Hp. d.prstle’r (7) 


F.(6).(7). D+. Prop 
#210231. b: Hp #210°2.A CK .s'AeKe—A.D.8'A=seggA = ltgfr 
[Proof as in *210°23] 


In virtue of 4210-21-23, every class which is contained in «, and whose 
product is a member of «, has either a minimum or a lower limit; and in 
virtue of *210°211-231, every class which is contained in «, and whose sum is 
a member of «, has either a maximum or an upper limit. 


#210232. b: Hp*2102.ACK.p rex. Dd. prX=liming’A  [#210°21'23] 
#210233, | : Hp *210°2.AC«.shex.D.8X=limaxg'A  [*210°211'231] 
= 2» 
#21024. +: Hp*2102.3.nnupe=BQ.Knnisx=BQ 
[#205°'12°121 . *210-201°203°122] 
#210241. F: Hp #2102. p'eex.Dd.pie= BQ [#21024] 
#210242, b: Hp2102.sfeee. D8 = BQ [21024] 
#21025. b:. Hpx2102:ACK.d,.pNeKid: 
> > 
ACK. Dd. pre (ming‘A v prece’r) 
Dem. 
F.421021. Db: Hp. DirCueprer.d-premingr (1) 
> 
F #21023. Db: Hp. Dd:rCu.prvrerd.Dd.preprece’r (2) 
+. (1) .(2). DF. Prop 
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#210251. Fs. Hp #210'2:ACK.D,.8NeKt Dt 


aaa a4 
ACH. dD. sre (maxg’r U seqg’A) 
[Proof as in #210-25] 


#210°252. b:. Hp #2102:X CK. Dd, prnsKeri oa: 


ACe-D-p dase e(ming’dA v prece‘A). pA A sie = liming’r 


Dem. 
b.x4023161L. DEA CH TIAL prc sx. 
[*22°621] a. prnse=pr (1) 
aed > 
F.(1). #2102123. 3+: Hp.raCa.qir.d.prnstce(ming’rA vprece‘Ar) (2) 
b. #402. DkingirA.d.prns« ase (8) 
F.(8). #2412. 3b: Hp. d.steen. 
[%210-242] D.s%e= BQ. 
[*206°14] >. s"« = precefA (4) 
> > 
F.(8).(4). DF: Hp.w gin. d. pan sf ¢(ming’A v prece‘r) (5) 


F.(2).(5).D+. Prop 
This proposition is more useful than #21025, because its hypothesis is 

much oftener verified. In order that the hypothesis of *210°25 may be 
verified, we must have Vex, since ACx.p‘A=V; hence we must also have 
s‘e=V. But the hypothesis of *210:252 only requires, as far as A is con- 
cerned, that we should have se «. 
#210253. | : Hp #210252. 3. (A).Xe T'ming v A‘precg 

[*210°252 . *205°15 . #206131] 
#210254. +: Hp*210:251.3.(A).X¢ T‘maxg v C'seqg 

[Proof as in *#210°253] 


#21026. +: Hp*2102.r1C Ke. prverd.s(en Cl prjex.d. 
s(« a Clép*r) = prece’r 


Dem. 
b. 4210-22. DF: Hp.D.vq!ming’r. 
[4205-122] DAC Qn (1) 
b.x602. Dk: BexnClprA.Dd.BCpaA: 
[¥40°151) Dkr sen Cl pr) Cpr (2) 
F.(2). D:Hp.d.senClpryexaCl*pr. (8) 
[*210°211] D «s(n Clipr) = maxe(« n Clépr) 
[#21017] = maxg'(« — Qed) 
(a) = maxg‘(e—d— QR) 
[#210'122.%202'502.(3)] = maxg'pQr 


[*206-1-101] = precg’A: DE. Prop 
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#210261, bs Hp *210°2.AC Ke. s'rver. pa(acn.srCaek.d. 
pra(aex.s*sCa)=seqoA [Proof as in *210-26] 
#210262. bs Hp#210-2.r CK. srred. sie npa(aen.srCalex. dD. 
sienpa(aexr.sXCa)= seqg’A 
Dem. 
F. #4023161.) 
Fr Hp.qta@(aexn.sXCa). Dd. pa(acn.srCaCste. 


(*22°621] D.sen pace. srCa)=pa(acw.sACa). 
[#210261] Di stern p'a(ace sh Ca) =seqo'r (1) 
b.*10°51. DkiG(ace.sACa=A.Ddiaek. Daur (SAXC a) (2) 
b,(2). #21016. Db: Hp.@(aen.sACay=A.diaex.I,.a Csr: 
[#40°151} Disie Csr: 

[*40°161] Di se = sr (3) 
b. 402. Db: Hp(3). Dd. sen pA(aen.s%Ca)= ste. (4) 
[Hp.(3)} D.s'heke 

[210-231] D.s'A=seqg’h- 

[(8)-(4)] D. sien pack. si. Ca) =seqg'r (5) 


F.(1).(5). 34. Prop 
The same remark applies to this proposition as to 210-252. 
#21027. +s. Hp#2102:ACKe.D.sNeKi DE 
aad > ~ > 
ACK.DA~ GT! (maxg'A v seqg‘A). q ! (ming’A Vv prece‘A) 


Dem. 
si > > 
b.#210251.5h:. Hp. 1A Cx. Dawg! (maxg'r veg’) = (1) 
> 
F #210222. 5h: Hp.rxCn.prcr.d.q i ming A (2) 
F.xlO1. Dh: Hp.dis(enClprjen: ay 
[#210-26] DirACK.prAner.D.q! precerA (3) 


> > 
b.(2).(8). Dkr Hp.D:rCu.D.q!(mingAv prece’r) (4) 
F.(1).(4). 3. Prop 
#210271. b:. Hp #210'2:XCKe. Dd, pirexio: 
> > > ad 
NCH. DA. T! (maxg’r v seqo'r). | ! (ming’A v praca) 
[Proof as in #21027] 
#210272. + :. Hp *2102:4C«. 2d, .pirAnsieexiD: 
> > aed > 
NC. D,-G! (maxgfA v segg’A). q ! (ming‘'A v precg’d) 
[Proof as in *210:27, using #210262] 


¥21028. +: Hp #210°2.8*Cl'«eCx.d. 
x (A) «A €(CA*maxg v C'seqg) n (C‘ming v A‘prece) 
em. 


b.#3761.5b:.Hp.D:A Cw. 2.8% eK: 
> > ~ > 
[#21027] 22 XCxe.D,.q ! (maxg’A v seqo’A) . G1 (ming‘A v precer) (1) 
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b. (1). #2243. 3 
> > 
b:Hp.>.(a).q! {maxg(An x) v seqg‘An x)}. 
_s 
a} {ming(A an «) v prece(A. A «)} - 
~ 
[#210122] >. (A). q! {maxg“(A n C*Q) v seqa‘(A n C*Q)} - 
> 
@ ! {ming‘(A mn OQ) v preco(A nm CQ)} 
> ~ ~~ > 
[*205'15°151.*206°131] D. (A). qt {maxg’A v seqo‘A} . gq ! [ming‘A v preco’A} » 
[#3341] 3.(A). Ae Uimaxg v C'seqg. A ¢ A'ming v T‘precg: DF. Prop 
#210281. | : Hp #2102. p“Cl‘*eCxn. >. 
(A). r%e(CA'maxg v C’seqg) a (‘ming v A ‘prece) 
#210282, F:. Hp#210°'2:ACK.d,.prnsieeci Dd. 
(A). A 6 (C'maxg v M’geqa) nm (‘ming v C‘preca) 
Thus when either of the hypotheses of *210°281-282 is fulfilled, the series 
Q is Dedekindian both upwards and downwards. 
#21029. +: Hp *210°251.5.(r).AeC‘limaxpn C‘liminp [#210°28.*207-44] 


210-291. + : Hp #210252. .(d). Xe Cimaxp a Climinp 
[210282 . ¥207°44] 


*211, ON SECTIONS AND SEGMENTS 


Summary of #211. 


The theory of the modes of separation of a series into two classes, one of 
which wholly precedes the other, and which together make up the whole 
series, is of fundamental importance. When one out of a pair of such classes 
is given, the other is the rest of the series; we may therefore, for most 
purposes, confine our attention to that one of the two classes which comes 
first in the serial order. Any class which can be the first of such a pair we 
shall call a section of our series. If P is the series, we shall denote the class 
of its sections by “sect‘P.” If a is a section of P, we shall call O*P ~« 
(which is the second class of our pair) the complement of a The class of 
complements of sections is 

(CP —)sect*P, 
which is identical with sect*P (#211°75). 

In order that a class may be a section of P, it is necessary and sufficient 
that it should be contained in C‘P and should contain all its own pre- 
decessors; thus we put 

sect‘P=@(aCO'P.PaCa) Df 
We have also, by «90°23, 
sect“P =@ (a= Py a) (*211°13). 

Among sections, a specially important class consists of classes which are 
composed of all the predecessors of some class, ¢.e. classes of the form P“8, 
ie. classes which are members of D‘P,. Whenever P is transitive, 
P«P“8C PB; hence PB is a section according to the above definition. 
When P is a series, the complement of P‘8 (when § exists and is con- 
tained in C*P) is 

~ - 
maxp'8 v p‘ PB, 

The members of D‘Pe are called segments of the series generated by P. 
In a series in which every sub-class has a maximum or a sequent, 


DP, = Peep (#211°38), te. the predecessors of a class are always the pre- 
decessors of a single term, namely the maximum of the class if it exists, 
or the sequent if no maximum exists. But if there are classes which have 
neither a maximum nor a sequent, the predecessors of such classes are not 
coextensive with the predecessors of any single term. Thus in general the 
series of segments will be larger than the original series. For example, if 
our original series is of the type of the series of rationals in order of 
magnitude, the series of segments is of the type of the series of real numbers, 
ae. the type of the continuum. 
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Among segments, a specially important class consists of those which 
have no maximum. In this case, if a is such a segment, we have aC P“‘a; ~ 
and since (provided P is transitive) we also have, for all segments, P‘‘a C a, 
the segments having no maximum are those for which a= Pa, ie. they are 
the class D(P. AZ). In compact series, all segments belong to this latter 
class, but in general only those segments belong to it which correspond to a 
“Haufungsstelle.” In all cases in which the existence of a limit is not 
known, the segment fulfils the functions of a limit; that is to say, in those 
places in the series where a limit might be expected, we have a segment 
having no limit or maximum, which takes the same place in the series 
of segments as would be taken by the limit in the original series if the limit 
existed. Segments having no limit or maximum are limiting points in the 
series of segments, and every class of segments which has no maximum in 
the series of segments has a limit in that series. 


We have thus three classes to deal with, namely 
(1) sect*P, 
(2) D‘P:, 
(3) D(Pe AD. 
Of these the second is contained in the first when P is transitive 
(*211°15), and the third is contained in the first and second (*211:14). The 
second consists of those members of the first which have either a sequent 
or no maximum (*211°32); the third consists of those members of the first 
which have no maximum (*211°41). If every member of the third class has 
a limit, te. if 
D(P. AL) CC seqp, 
then every class has either a sequent or a maximum, te. the series is Dede- 
kindian; and the converse also holds (#211°47). 


When P is connected, of any two sections one must be contained in the 
other (#211°6). Moreover, if X is contained in any one of the three classes 
sect‘P, D'P., D(P.AD), then sd is a member of that class (*211-63-64-65). 
Hence the propositions of *210 become available. It is thus that the 
existence of limits in series of segments or sections is proved: the maximum 
or upper limit of any class \ consisting of segments or sections is s‘A, and the 
minimum or lower limit is the sum of the segments that are contained in 
every i. 


We begin, in this number, with elementary properties of sect‘P. The 
sections of P are the segments of Py (21118) and the sections of P,, 
(#21117). We have 
#21126. |. O*P esect*P. s‘sect*P = O'P 


We then proceed to the elementary properties of segments, ie. of D‘P. 
(*2113—'38). We have 
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42113. +. PCP CDP, 

4211301, F.D‘P eD‘P, 

#211°302. t: PeSer. >. P“(«P = sect*P a Useqp 

4211351. ts Pe Ser. D. sect*P —D'P, = Py(CP — D*P,) 


'y 


We then proceed to elementary properties of segments having no maximum, 
ae. of Dé(Pe A I) (k211-4— 47). We have 


#21142. +: Petrans.>.D(PeAL) = D‘Pe—C‘maxp 
#21144. b. Ne D(PeAD). Ae D‘Pe. Aeseet!P 
4211-451, b: Pine (Pea). Dave d( PP?) 
Our next set of propositions (*211‘5—553) is concerned with compact 
series, t.¢. with the hypothesis P?= P. We have 
xO151. b: PP =P... DP, =D(PeAD 
#211551. b:. PeSer. >: CU‘maxpn U‘seqp=A.=.P=P? 


Le. a series is compact when, and only when, no class has both a maximum 
and a sequent. 


We come next to the application of the propositions of #210 (*211:56— 
692). These propositions proceed from 
#21156. t:.Peconnex.a,Besect*‘P.D:aCB.v. BCP “a 


(Here “P,, econnex” may be substituted in the hypothesis: cf. *211-561.) 
The propositions of this set, which are very important, have been already 
mentioned. 


Our next set of propositions (*211'7—762) are concerned with the 
complements of sections and segments. Some of these propositions have 
been already mentioned; others of importance are: 


*2117. Fsaesect‘P.D.C’P—ae sect? 
< 
#211°703. |: Peconnex. aesect*P —1OC'P.3.q! pi Pa 
#211:726. +: Peconnexn RI‘J.aesect*‘P.3. 
> ~ ~ od 
maxp‘a = precp(C*P — a) . seqp‘a = minp“(O*P — a) 


#211727. + :. Peconnex a RIM. aesect*P.3: 
E! limaxp‘a. =. E! liminp‘(C*P — a) 


#211728. + :. P econnexn RIV .aesect‘P: +E! maxpfa.v. 
=> => 
wE! minp(CP — a): 3. limaxp‘a = liminp'(C'P — a) 


‘ 
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The remaining propositions are mainly occupied with relation-arithmetic. 
The most important of them is 
#21182, F::PeSer.QeD‘P[.3:. 
CQesect'P.=:(qR).P=Q4AR.v.(qr).P=Qpa2: 
:(qR).P=Q4hR.v.P=QHBP 
That is, given any series contained in P, if something can be added to 
make it into P, its field is a section of P, and vice versa. 


#21101. sect‘P=@(aC CP. P“aCa) Df 

#2111. Fiaesect(P.=.aCCP.PaCa [(*211°01)] 
#21111. F:aeD‘P..=.(q8).a=P"B (*37:101] 
#21112, bFiaeD(PeAD.=.a=P“a 


Dem. 


+. #37°101 .*501. Db :aeD(PeAl).=.(q8).a=P“B.a=Bp. 


ull 


[¥13°'195] -a=P“a: D+. Prop 

#21113. Fraesect'P.=.a=Pya.=.aeD{(Pye Al}. =.aeD (Pye 
Dem. 

b. #2111. #9028. Dh: aesect‘P.=.a= Py “a qd) 

b.x9017. Dh. Py Py B= Py B. 

[#1312] Dhia= PyB.d.Py“a=a: 

[211-11] DhraeD(Pye. D.a= Py fa (2) 

b. #1024. #21111. 3b: a= Pya.d.a¢D(Py (3) 


b.(1).(2).(8). #21112. 5+. Prop 
In virtue of the above proposition, the properties of sect“P can be deduced 
from those of D‘P. or D“(Pe 4 I) by substituting Py for P. 
#211131. F:aesect“P.2.P“a=P,o“a 


Dem. 
b.*21113.3b:Hp.d. Pas PW Py “a 


[*91-52] = P,fa: D+. Prop 
#211132. Fs aesect‘P.3.D( PE a)=D(P,,[ a). APE a) =A(P,,f a). 
CPE a)=C“P, of 4) 


Dem. 
b. #87741 .#211-131.5+:Hp.3.D(P,.f a) =an Pa 
[¥87-41] =D(Pt a) (1) 
b. «91502. DF.d¢PL a) CaP, a) (2) 
b.x8741. Dh yeA(P,[ a). =:ycan Pa: 
[¥91°57] = rye (an Pa) u(an P*P,,a) (3) 
F.x2111. et Hp. yean P&P, “a. -(qz).2Py.zea. 


[437-105] D.ye Pa (4) 
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*211'133. 
Dem. 


#21114. 
Dem. 


*211:15. 
Dem. 


#*211°16. 
Dem. 


*211:17. 


Fv, 
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(3). (4). Dk: Hp. >. (Py of a) Can Pea. 


[437-41] >. A¢P, of a) CA(PE a) 


Fe 


F 


F 


(2).(5). 3b: Hp.d. A Prof a) = APP a) 


-(1). (6). 3. Prop 
F: 


P,,. econnex . ae sect‘P —1.3.0“(PD a)=a 


- #20255. Dk: Hp.d.C¢P,.[asa. 


[¥211-132] >.CXPE a)=a:D4. Prop 


TTT 


.D(P. AD) CD‘P,. D(P. AD) Csect’P 


+ #33'263 . D+. D(PeAD CDP. 

© #21112. 29-42. DbraeD(PeAL).3.PaCa 
» #21112. 48715. b:aeD(PeAD.3D.aCOP 
(2). (8). #2111. DbsaeD(PeATD).3.aesect*P 
(1). (4). DF. Prop 

: Petrans. >. D‘P. Csect‘P 


-#211-11.%8715. Db :aeD°Pe. Dd. aC OP 

+ #21111. #2015. Db: Petrans.aeD‘Pe. 3. Pala 
-(1).(2). 9+. Prop 

» Pro‘ aesect’P 


«491504. #8715. Db. Pia COP 
40151511. = DE. PHP, aC Pa 
-(1). (2). #2111... Prop 

F. 


sect‘P = sect‘ P,, = sect‘ Py 


[#21113 . 90-4 . #91602] 


The following propositions are useful in dealing with sectional relations, 
ae. relations of the form P[ a, where aesect‘P. Unit sections often need 
special treatment, owing to the fact that for them we do not have (‘PD a=a. 


par 
#21118. +: P,,€J.2.sect’P na l=“ BYP 


Dem. 


b. #21118. D4: aesect*Pal. 
[52°1.%53°301] 
[491-54.%90°12] 
F.(1).Db:.Hp.d:aesect*‘Pal. 


[*91-504] 
[*93+108] 


a= Pya.ael. 


i 


i 


( =f Raat! 
(qt) .a=Uae. Pyin=ta, 


> 
acl“ BSP :. 3+. Prop 


i 


ay 
CN) MEME Pg BOCA RECT, 
(qe) .a=e.P,“w@=A.ceCOP. 
(qa). a=Ua.aredP.xeOP. 
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(5) 
(6) 


(1) 
(2) 
(8) 
(4) 


ql) 
2) 


Q) 
(2) 


Q) 
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os 
*211:181. |: P,,eSer.q! BOP. D.sect*P al =iuBeP 
Dem. 
~ 
+. «20213523. 3+: Hp.>.BiPel ql) 
F. (1). #21118. 53:3. 3b. Prop 


~ 
#211182. +: P,,e Ser. BSP=A.D.sect‘Pal=A  [*21118] 


— 
#2112. Fraesect*P.D.a=anC*P=au Pas(anl'P) vu P“a=P “a vmaxp a 


Dem. 
FxQLL-1 . #2262162. 4: Hp.d.a=anO'P.a=av Pa. (1) 
[x1312} D.a=(an OP) u PK q (2) 
—~ 
[*205-131] = Pau maxp‘a (3) 


F. (1). (2)-(8). 35. Prop 


~ 
#21121. F:.aesect*‘P.D:~q!maxp'a.=.aeD(P.AD) 
Dem. 


= 
b.*211212. Dt:aesect*P.wg!maxp‘a.d.aeD(P.AZ) (1) 
> 
b.x211:12. 4205-111. 3b: aeD(PeAD. Dwg! maxpfa (2) 
F.(1).(2). 95. Prop 
= 
#211:22. +: Peconnex.aesect‘P.D.av seqp‘aesect*P 
Dem. 
aaa - 
b.#2424.%1312. Db: Hp.seqp'a=A.2.au seqp*aesect’P qd) 
> ~ > 
F . #20616 .%53'3'31.+:Hp. 9g tseqp‘a. 3. P*(a u seqp‘a) = Pau P*seqpfa 
[*206-213] CP au (an OP) uv PK a 
[*211-2] Ca Q) 
> 
b.¥211-1. 420618, DF: Hp. Dd. avseqeaC O*P (3) 


F.(1). (2). (8) -#211:1.9+. Prop 


#*211:23, +: Peconnex.aesect'P. El seqpa.D.a=P*(auseqp'a)=P'seq ptt 
Dem. 


+. 4206-211 4211-2. +: Hp.d.aC Péseqpfa (1) 
+. «206-213 .#211:2.3+:Hp.> Pieaya Ca (2) 
b.(1).(2). StH ps alae Peete (3) 
+. #53331. Db: Hp.d. P(a vu senefa) = Pau Prsegp'a 

[(3)] =Paqua 

[¥211-2] = (4) 


+. (3). (4). +. Prop 
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#*211:24. +: Peconnex.aesect*P n(C‘seqp v —T‘maxp). D. ae D‘P, 

Dem. 
Fb, #2112311. 3b: Peconnex.aesect‘P n U'seqp. 9. ae D‘P. (1) 
F. #2112114. 3b: aesect*P — U‘maxp.>.aeD‘Pe (2) 
F.(1).(2). 34. Prop 
#21126. +.C‘Pesect‘P.s‘sect“‘P=C'P 


Dem. 
b.*22°42 648715. DE.CSPCO'P.POCIPCOP, 
[*211-1] Dt.CPesect*P (1) 
b.(1). «4013. DE.C8P C s‘sect*P (2) 
b. 440151. #2111. 3+. s‘sect*P COP (3) 
F,(2).(3)- DE. ssect*P =C*P (4) 
F.(1).(4). D4. Prop 
*211:27. +: Petrans.>.(anC‘P) v Paesect*’P 
Dem. 
F .#22°43 248715. Db. (an OP) vu Pal OP qd) 
b.*87-22265. Dt.P“{(anO*P)v Pal} = Pau PEP a (2) 
F.(2).¥2015. Db: Hp.d.P (an OP) vu Pa} = Pa (3) 


F.(1). (8). «2111.54. Prop 


- > > > 
#211271. +: Petrans.3.(qf). 6 esect‘P.maxp‘a=maxp‘8.seqp‘a=seqp'B 
Dem. 
b.*205°15'19 .3 


> > 
b:Hp. >. maxp‘a= maxp'{(an C*P) v Pa} (1) 
F. *#206-:131:25 .D 
> > 
+: Hp. 3. seqp‘a=seqp‘{(an CP) vu Pa} (2) 


F.(1)«(2).#211-27.>+. Prop 
#211272. F:. Petrans. 3: 
(a). ae U‘maxp v U‘seqp. =. sect“P C U‘maxp v U‘seqp 
Dem. 
b.#2411-14. 56 (a). ae O'maxp v U‘seqp.D.sect‘PCA‘maxpuC‘seqp (1) 
F.&38'41. Dts sect*P C A‘maxp vu U‘seqp. 3: 
> > 
Besect*P «Dg. qT! (maxp‘B v seqpf): 
= = 
[*13-12]D: 6 esect*P . maxp‘a= maxp‘@ . seqpa = seqp'8 + Da,s+ 
> 
@ ! (maxp‘a v seqp‘a)! 
~ > a) > 
[#1023] D : (q@). 8 esect*P . maxp‘a=maxp‘8 . seqp‘a = seqp’B» Das 


os 
qi (maxp‘a vsegp‘a) (2) 


b.(2).#211-271.5 = = 

Fi. Hp. D:sect*P C U‘maxp v U‘seqp. D. (a). |! (maxp‘a v seqp’a). 
[*33°41] 3D. (a). ae U‘maxp v C'seqp (3) 
b.(1)-(8).DF. Prop 


R&W IL 39 
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#21128. +:.PeSer.aCO’P.avel.(C’P—a)vel.3: 
aesect(P,=.P=Pl aft PP (C*P—a) 
Dem. 
b 20445 . Dt: Hp.aesect'P.3.P=PlLafP[(C*P—a) (1) 
F. «16071 .¥202'55.3+:.Hp.P=PlLafP[(C'P-a).3: 
nwea.yeO*P—a.D.aPy: 
[Transp.*2043] D:vea.yPa.D.yea: 
[*211-1] D:aesect*P (2) 
b.(1).(2). D+. Prop 
#211281. F: PeSer.CQnC‘R=A.P=QFR.5.CQe sect’P 
Dem. 
b.*1601.5+:, Hp. dixeCQ.yeOR.D.2Py: 
[Transp.*204°3] DineOQ.yPzx.d.yeCQ: 
[*211'1] 3:0Qesect*P:. D+. Prop 
#211282. b:. PeSer.QeD°P[ .C’P—CQrel.3: 
CQesect'P.=. (qh). CQnCR=A.P=QER 
[#211-28-281 . #20012] 
#211:283. Fk: PE J.P=QER.D.CQnCR=A 
Dem. 
F.*1601.3+:Hp.>.C°QTCRES. 
[#200'32] D.C°QnCtR=A: 5+. Prop 

The following propositions are concerned with DiPe This is to be 
compared with two other classes, namely sect‘P and P“C*P. The members 
of sect‘P which do not belong to D‘P, are those which have a maximum but 
no sequent, ie. (if P is a series), those classes which consist of a term a 
together with all its predecessors, where # has no immediate successor. In 
series in which every term except the last has an immediate successor, C‘P 
will be the only member of sect‘P —D‘Pe, if the series has a last term; if 
the series has no last term, sect‘P = D‘Pe. 

The members of D‘P. which are not members of Pop are those that 
have no sequent, ze. those that have no upper limit (for a member of D‘P. 
which has no sequent has also no maximum). These are the members of 
D‘P, corresponding to a “gap,” ae. to a Dedekind section in which neither 
the earlier terms have a maximum nor the later terms a minimum. Hence 
in a Dedekindian series, D‘Pe = P“O"P; and conversely, if D‘Pe= P“O*P, 
the series is Dedekindian. These properties of D‘P. are proved in the 
following propositions. 


as 
#2113. +. P“O\PCD*P,  [%53:301 . #21111] 
#211301. |. DSP eD“P. [«37-25 . *211-11] 
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= 
*211:302. +: PeSer. >. P“C*P = sect’ P n U‘seqp 


Dem. 
F. «2064. DbF:Hp.> PeorPe C‘seqp qd) 
F.*211315.3+:Hp.3.P“C'P Csect‘P =4 (2) 
b.¥21123. Dt: Hp.d.sect’P a M'seqp € P“O'P (3) 


F.(1).(2).(3). 3+. Prop 
#21131. [:. Pe trans m connex.aeD‘Pe.3: BE! seqp'a.v.~vE! maxp'a 
[*206°52 . #211-11] 


_ 

*211311. |: Pe trans n connex. ae D‘Pe. E! seqp‘a. D. a= P'seqp'a 

[#20631 . #21111] 
> 
*211312. |: Pe trans m connex . ae D‘P,. .a= P*(au seqp‘a) 
Dem. 

b.*21115-23.3+:Hp.E!seqp'a.3.a= P“(a vu seqp‘a) qd) 
F.#211°31. Db:Hp..E!seqea.>.vE! maxp‘a. 


{211-21-15-12] D.a=P“a, 

~ 
[#24°24.Hp] D.a=P“(avseqp'a) (2) 
F.(1).(2). 4. Prop 


#211313. |: aesect‘P a D‘P..3.(q8). 8 esect*P .a=P"8 
Dem. 
F.a211111. 3b: Hp. >: PaCa:(q8).a=P"p: 


[#37-265] 3: PaCa:(q8).BCOP.a= Pg: 

[*22'62] 2:(q8).BCOP.a=P “(av Bp): 

[22:58] D:(qB). ACCP. P (av B)Cav8.a=P\(avg): 
[*37°15] 3:(qA).ave@COP. P*(avg)Cav8.a=P“(avg): 
[¥211-1] 3:(q@).av Pesect*P.a=P (au B):. 3+. Prop 


#211314. +: Pe RI“ n connex.aesect‘P n D‘P.. E! maxp‘a. 9. BE! seqp‘a 
Dem. 


F.4211°318 . *205°7 .D 

+: Hp.3.(q8). Besect"P.a= PB. E! maxp8 qd) 
+, «87°18. = 

b: Besect*‘P.a=P“8.E!maxp‘8.3. Pimaxp'B Ca (2) 
b. #2111. *205°111.5 

+: Hp(2). Peconnex. ye P“ 8.3. ye 8—e'maxpB. 

[*205-21] D.yP maxp‘B (3) 
F.(2).(8). +: Hp(2). Peconnex.3.a=P*maxp'B. 

[206-4] D>. maxp' seqp a (4) 


F.(1). (4). DF. Prop 
39—-2 
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The above proposition and the two following propositions enable us 
in certain cases to prove propositions concerning the relations of sect‘P 
and D‘P. without assuming that P is transitive. An example of the use 
of these propositions occurs in *211:754, where the hypothesis assumes 
PeRJaconnex. If we used *211'31 and its consequences instead of 
*211:'314 and its consequences, the hypothesis of *211'754 would have to 
assume P ¢ Ser. 

#211315. + :. Pe RI‘J n connex.aesect‘P. 3: 


ae D‘P.. =. ae CU‘seqgp v — A‘maxp 
Dem. 
+ .#*211314.3+:.Hp.diaeD'Pe. >. we CU ’seqp v — T‘maxp (1) 


F. (1). *211:24. 3+. Prop 

#211316. f: Pe Ri‘Jn connex. 2. sect‘P — D‘P. = sect*P n C'maxp— CU ‘seqp 
[#211:315 . Transp] 

#211317. +: Pe trans. >. D‘P.= Pesect'P 


Dem. 
b.#211:15°313.3+:Hp.>.D*P.C Pe“ sect<P qd) 


b.(1).#87°15 . +. Prop 

#21132. +: Petransn connex.).D‘Pe= sect’ P m (A‘seqp v — U‘maxp) 
[*211-24°15°31] 

#211321. | : Pe trans n connex . D . sect‘ P ~ D‘P.=sect‘P n A‘maxp—(‘seqp 
[¥211-32] 

#21133. +:.PeSer.aesect‘P.): 


y 
ave D'P.. >. E! seqp'P“a.~E! seqp'seqp’P“a 


Dem. 
F.#211321. DbsHp.aveD‘P..3. EB! maxp‘a. qd) 
[*2Z06'35] >. Elseqp'P*‘a.seqp'P“a=maxp‘a (2) 
> ~~ 29 
F.(1).#20646.9+:Hp.aveD'Pe. >. seqp‘a= seqp'maxp‘a 
~~ 
{(2)] = seqp‘seqr’P“a (3) 
b.#211321. Dt: Hp.aveD‘P..D.0E!seqp‘a. 
~ 
{(3)] 2. E! seqp‘seqp’ Pa (4) 


F.(2).(4). Dk:Hp.aveD*P..3. 
~ 
El seqp'P““a.~E ! seqp‘seqp‘P“a: > +. Prop 
#21134. b+: PeSer.D:aesect‘P—-D‘P.. =. 


~ 
a= Pau iseqp'P\a.~E! seqp‘seqp'P“a 


Dem. 
F, *211-'321 .D+ : Hp. aesect‘P—D‘P,.>.E!maxp‘a. 
[20635] D>. max p‘a = seqp'P“‘a. q@) 


[*211-2] D.a= Pau iseqp!'P a (2) 
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b .¥211321.3+:Hp.aesect*“P— D'P, . 3. Bt seqpa. 


~ 

[*206°46.(1)] D .~E! seqp‘seqp’P“a (3) 
b. #20621 .#205111.3+: Hp.a= Pav iseqp’P\a.>. 

seqp‘Pa = maxp‘a (4) 


b. (4). 206-46. 3b: Hp. a= Pav iseqp’P a. EH! seqp*seqp' Pa 2. 
~E! seqp‘a (5) 

+ .*206'18 . *22°58. Dbsa= Pav i'segr'Pia.dD.aCCP, PaCa (6) 

F.(4). (5). (6) «#211321. 

F:Hp.a=P“av isegp'Pa.~E! seqp‘seqr'P**a -2.aesect’P —D*P, (7) 

F.(2).(3)-(7). DE. Prop 


#21135. +: PeSer.Dd:aesect‘P—D°P,.=. 


= ¥ 
(qa). 2eOP a= Pavia EB! Phx 
Dem. 
F.#211:34.5F:.Hp.3: 
aesect'P — D‘P,. =. (qa). 2 =seqp’P a. a= Pau ta. EK! seqp lr 


[%206'21.4205°111] =. (qa). 2 =seqp’P a. a = maxp'a 

a=Pavuiia.wE lt seqpt 
[*206°35] =. (qa). a= maxpa.a= Pav t'e.wE! seqp't'c. 
[205-22] =.(qz).v = maxpa. a= Pe v Ua wv EB! seqp'ta . 
[%205°197] =.(qz).2e OP. a= =P vila .wE! sept‘. 
[*206-44] =.(q2).we OP .a=Parvi'e.vE! Pfas. D+. Prop 


#211361. Ff: PeSer.>.sect‘P—-D‘'Pe= POP -D*P,) 

Dem. 
b.*204°7 . *211:35.) 
br. Hp. Dd: aesect‘P—-D‘Pe.=. (qu). 2eC*P—D‘P,.a =Fe vin. 
[#201521] - (qa), 2¢O'P —DP,.a= Pyie. 
[87-7] =.ae Py —D‘P,):. +. Prop 


#21136. +:.PeSer.D*P,=D‘P.3:aesect‘P—D'P..=.a=O°P. EI BP 
Dem. 
> —y 
b. 211351. Dbt:Hp.d.sect‘P—D‘P.= Py BP (1) 
b.(1). *202°52.3:.Hp. 3: 
aesect‘P —D‘°P.. 


Gas BP ger, ias 
(qa). 2=BP.a=CP. 


[204°11.%201-521] 
-amO°P.E!BOP:. 3+. Prop 


[14-204] 
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#211361, +: PeSer. D‘P,=CO‘P..sect‘P = D‘P, 


Dem. 
+. *201°63. Dt: Hp.d.D‘P,CD‘P. 
oy 
[*93'103] >.BP=A (1) 
b.(1).#211:36.3+:Hp.3.sect*‘P-D‘'Pe=A (2) 


F.(2). #21115. 4. Prop 
*211'371. [:. Pe trans n connex: (a). ae U‘maxp vu C‘seqp:) . D‘PeC U‘seqp 
[¥211°32] 


~ 
#211372. Fs. Pe trans  connex : (a). ae A‘maxp v (‘seqp: 3. Di Pe = PUCKP 
Dem. 
b.#211'371.3+:.Hp.d:aeD'P.. 3. E! seqpa. 
~ 
[*206°3.%211-1-15] D.a= P‘seqp‘a. 
> 
[%206'18] D.aeP“OrP (1) 
b.(1).#2113.964. Prop 
421138, fs. PeSer.:(a).aeC‘maxp uv U'segp. =. D'P. = P“O'P 
Dem. 
> > 
b,#21141.9b:. D°Pe= POC'P.=:(B): (qe). P“B=Pe.reCO'P (1) 
+. *206-174. #205111.) 


> > => 

+: PeSer.~q! maxp'8 . 2. seqp'B =O'P n 2 (P“B = P*x) (2) 
=> > ~ 

F.(1).(2).3b:. PeSer. DiPe= POOP. D:~ gq! maxp'8.2.q! seqr's: 

[x33°41] 2: Be UO'maxp v C‘seqp (3) 


b.(8). #211372. 3+. Prop 

The following propositions are concerned with D(P. 41), 7.e. with those 
sections of P which have no maximum. If P is compact (te. if P?=P), 

> 
D(PeAD=D‘P.. If P is also a Dedekindian series, D(P. A I)= P“C*P. 
This is the mark of Dedekindian continuity, since it states that, if P‘q has 
> 
no maximum, there is an « for which Pa =P*z, and this 2 is the upper 
> 

limit of P‘a; while conversely, if # is any term of C‘P, P‘% has no 
maximum, so that the series is compact. 
#2114. +, D“(P.AI)C—CU‘maxp 


Dem. 
F.x21112,3hsaeD(Pe AD)» 3.a—-Paaa, 
— 
[*205°111] D.maxp'a=A:D+. Prop 
#21141. +. D(P. 41) =sect*P — U‘maxp 
Dem. 


Fb .#211-1. *205°111.5 
F:aesect’P — d‘maxp. 
[*2Z2°41} 
[#37°15.%211:12] 


aCOP, PaCa.ac Pa. 
aCOP.a= Pq, 
-aeD(PeAD i: D+. Prop 
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#211411. tk: Petrans.a=P“B.aC Pa.d.a= Pa 


Dem. 
b.*8087. Dk:Hp.d. Pa=PHPng 
[%201°5] cPKg 
[Hp] Ca (1) 


+. (1).*2241.5+:Hp.Dd.a=P"a: Db. Prop 
#21142, +: Petrans.>.D(P. AL) =D‘P,~CU‘maxp 
Dem. 
b.x211 144. D+. D(P.AL) C DSP, — U'maxp (1) 
F.&211-411:11 . «205111. +: Hp. ae D6P,— CU'maxp.>.aeD(PeAT) (2) 
F.(1)-(2). 4. Prop 


#21143. +: Petransq connex.3.D‘P,— C‘seqp C D(Pe 4 1) 


Dem. 
> 
F. #211312. >+:.Hp.d:aeD‘Pe.seqp'a=A.d.a=P a. 
[*211°12] D.aeD(P.Al):.5+. Prop 


#211481. +: Pe trans nconnex.>. 


D‘P, — DP. AD) = sect‘P n U‘maxp n A ‘seqp 
[¥211:32-41] 


421144, b.AeD(PeAD). Ae D‘Pe. Ae sect P 
[87-29 . 4211-12-14) 


4211-45, b:Petrans.ove (P+ P%).>. PireD(PeA1) 


Dem. 
> = 
b .#201-501 « Dh: Hp.>. P“Pr CP a) 
b.x88-4] 4323-34. : Hp. d. Pa— P*Pin= A @) 
> 
F (1). (2). Dh: Hp.2. Pin=P “Pa (3) 


b. (Bde #21112. D4. Prop 


4211-451. ks PixeD(PeA1). >. ave P+ P*) 


Dem. 
od > 
b.*211-12.5+:. Hp.3:Pa@=POP a: 
[«87°3] D:yPa.=y.yPa: 
[*10°51] DIin(qy)» yPa.~(yP) 1.3. Prop 


4211-452, bi. Pe trans; Pia eD(PeAD) «= we (P+ P) 
[4211-45-451] 
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#21146. |:. Pe trans n connex : (a). a¢ U'maxp v M'seqp: 3. 


D(P. AD) = P“(O*P ~ {P+ P»| 
Dem. 


b.a211452. 2: Hp. >. P(O'P— A P+ P)} CD(P.A 1) (1) 
F . #211372:14.5 
2 > 
bi. Hp. DraeD(PeAl).3. (qa). te OP.a=P&,. PaeeD( Peal. 
[*211-452] D.(q2).2eOP.a=Pin.aveI(P2P), 
> 
[*87°7] D.ae PCP ~A(P +P} (2) 
F.(1).(2). DF. Prop 
#21147. bs. Petrans.3:(a).a¢C‘maxp v C'segp .=. D( Pe AL) C A’seqp 
Dem. 


+. 211-272 . *24°43 2D 
F:. Hp. 3: (a). aeC‘maxp v M‘seqp. = . sect“P — T‘maxp C U'seqp. 
(#211°41] =.D(P.A 1 C C'seqgp:. 3+. Prop 


The following propositions are concerned with certain consequences of the 
hypothesis #?=P. This hypothesis is important because it is the defining 
characteristic of compact series. 

#2115. b: P= P.a=P“B.D.a=POa 

Dem. 

+ .#87:33.5+:Hp.>.PK@= PHPKR, 
[Hp.*13°12] D.a=P“q:db. Prop 
#21101, F:P?=P.>.D6‘Pe=D(PeAL)  [¥211°5:1112] 

Thus in compact series there is no distinction between the two sorts 
of segments. 

#21152. b:.P?=P. Peconnex.3:E!maxp'a. 2. vE! seqp'a 

Dem. 

t.#2065. 5+: PGP. Peconnex. EH! maxp'a. E!seqgp'a.d.q1(P +P) (1) 
+.(1). Transp. 3+: P =P. Peconnex. E! maxp'a..~E! seqp‘a: 
>. Prop 
421163. bi: P?=P. Pecounex.>:.E!maxpa.v.E!seqp'ars: 
BE! maxpfa.=.~E! seqp‘a 

Dem. 

b .#464.5b:. Bi maxp'a.v. Eiseqp'a:2:~E! seqp'a.>.E!maxp‘a (1) 
b 4°73. #211'52.5 

ks: Hp. s,s! segp'a. >. E! maxp'a:=:E!maxpa.=.~E!seqp‘a (2) 
F.(1).(2). +. Prop 

The condition (a): E! maxp‘a.=.~+E!seqp‘a is the Dedekindian defini- 
tion of continuity. In virtue of the above proposition, this is equivalent, in 
a series, to compactness combined with Dedekind’s axiom, namely 

(a): EI maxp‘a.v. E! seqp‘a. 
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~ a 
¥21154, bs. PG J:q!maxpa.3,.~q !seqr'a: 3.P CP? 
Dem. 
= 
b.xlO1.9b:. Hp. Dig !maxp t's. D.vg fseqp eta: 
[*205°18] D:iveCOP.I.vg lseqrta. 
pase 
[*206°42] D.~qg!P+P*a, 
[*83°4] D.a~eD(P+ P’) (1) 
b . *33'268. Dk rasveO'P.D.a~veD(P+P) (2) 
b.(1).(2).>+:Hp.>.D(P+P)=A. 
[483-241 .425°3] >.PCP?:3+. Prop 


#211:541. bs. Pe Rin trans: q nee pied ya lecqateds >.P=P) 
Dem. 
F.x20L1. Db: Hp.3.P:¢P Q) 
F.¥21154.:Hp.>. PGP (2) 
F, (1). (2). D+. Prop 


~ > 
#21155. bi: PeSer.D:.qimaxp'a.2,.vqg!seqp'ars.P=P 
[21152541] 
#211561. bi. Pe Ser. 3: U'maxpn U'seqp=A.=.P =P? 
[#211 -55 . 433-41] 
#211552. bi: PeSer.3:. E! maxp'a.=,.~E!seqp'a: =: 
P=P*:(a): E! maxp‘a.v.E! seqp’a 
[#211:55] 
#211:553. | :: PeSer.3:. ‘maxp=— C'seqp.=: 
P=P*: (a). ce U‘maxp v A‘seqp 
fa211°552 . 471-168) 
The following propositions are concerned in showing that sect“P, D‘P., 
and D‘(PeAJ) all verify the hypotheses of *210, if taken as the « of that 
number. 


#21156. +:.Peconnex.a,Besect‘P.D:aC@.v. BC Pa 


Dem. 
b.#2112.3+:.Hp.qla-8.3.qlanC'P—B-—P*B. 
[*202'501] D.qlanpP«s. 
[¥40-682] >.8C Pa () 
F.(1).#2455.3D4+. Prop 
¥211'661. | :. P,, econnex.a,Resect(P.S:aCB.v.8C Pa 
[&211°56-17-131] 


*211:562. + :..P,,econnex.a,Sesect*'P.D:aC8.v.8Ca  [*211°5611] 
#2116. :.Peconnex.a,B8esect"P.D:aCB.v.8Ca [#211-56-1] 
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#21161. 1:. Petransnconnex.a,8eD‘P,.d:aCB.v.BCa 
[#211-15°6] 
¥*21162, |: Peconnex.a,8eD(PeAD).D:aCB.v.@Ca [*211146] 


In the hypothesis of #211-61, it is necessary that P should be transitive 
as well as connected. Take, for example, 


P=alyvylzuzl« (et+y.a+2.y +2). 
Then P is connected, but not transitive; also we have 
Py =a. Pir uy. 
Hence fe, bye Di Pe (tla C ty) wo (Uy C 8a), 
Thus connection is not sufficient in the hypothesis of «211-61. 
#21163. F:\ Csect*P. 3.5 €sect“P 


Dem. 
b.aQ1L1. Sb: Hp. Diaer.3,.aCO'P: 
[*40°151] DisA COP (1) 
F.a21L1.3b:.Hp.d:aer.3,. Pala: 
[*40°8] D2 PKSAC 8A (2) 


b.(1).(2). «2111.54. Prop 
This proposition shows that sect‘P verifies the hypothesis of «210-251, 
with the exception of sect*P~e1, which requires q ! P. 
#211631. F: 7 Csect*‘P. >. prnC'P esect’P 


Dem. 
F  k22'43. Db prAnOP COP (1) 
bea2Ul1.3b:.Hp.diaer.3,. Pala: 
[#40°81] 2: PpArAC pr: 
[k37-265'15] D: P“(prnGP) Cpra OP (2) 
F.(1).(2). 95. Prop 

#211632. Fr Csect*P. qin. D.piresect’P 
Dem. 


+ .#4023.3b:Hp.d.pacsnr., 
[211-63-1] >. prcowr a) 
#1) «8211-631. +. Prop 
#211633. +: 2 Csect!P.>.p%n sfsect*P esect*’P [*211-631-26] 
This proposition shows that sect‘P verifies the hypothesis of #210°252, 
with the exception of sect‘P~e1, which requires q! P. 
#21164. F:ACD°P.. 3.8 Xe DP. 
Dem. 
F.*72'504.3Db:Hp. dD. sr = 5!Pef PAD 
[#4038] = Piss PEQ Q) 
F. (1), #21111... Prop 
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#21165. bX CD(PeAD.D.8%eD(PeAD 


Dem. 
b.#21012. DF: Hp.D:aerd.I.-4= Pela: 
[50°17] Didk= PAE 
[*40°38] Disr= PMsr: 
[¥211-12] Dis. eD(P.A 1): DF. Prop 

#21166. big !P.3.sect*P, D'Pevel 

Dem. 
b . #211-44°26. DE.A, OP esect’P (1) 
#8324. Dk:Hp.d.A+OP (2) 
b. (1). (2). 52-41. Db: Hp. d.sect‘Prel (3) 
b.¥211-44301. Dh:Hp.d.A,D'PeD‘Pe (4) 
b.k33°24. D+:Hp.d.A+D‘P (5) 
b. (4). (5). #5241, +: Hp.>.D'Pevel (6) 
F.(8).(6). Db. Prop 


#211:661. +: Pe trans. q! Clex‘C'P —CU'maxp.3.D(P-AD~el 

Dem. 
b. #205111. Db: aeClex‘O*P —Umaxp.>.q!a.aCO*’P.aC Pa. 
[*24-58.437°2] D.q! Pa. Pal PHP Ka (1) 
F. (1) #2015 .D 
bs. Petrans. D:a¢Clex‘O‘'P ~ U'maxp.>. Pa=P“P“a.q! Pa. 


[4211-12] >. PaeD(PeAD).q! Pita. 
[#1024] D.q!D(PeaD—UA (2) 
F .(2). 211-44. 4. Prop 


The following propositions sum up the above results in relation to the 
hypotheses of *210, The relation P,, with its field limited to sections or 
segments, which occurs in the following propositions, is important, and will 
be considered at length in the following number. 

#21167. |: Peconnex.«=sect‘P.Q=P,.[«.3. Hp #21012 
[%211°6 . 210-13] 
#211-671. : Peconnex.«=sect"P,.Q=P,[b«.q!P.>. 
Hp *210:251 . Hp *210:252 [*«211-67°66'63-633] 
#21168. |: Petransaconnex.«=D‘P..Q=P,[«.>. Hp *21012 
[#21161 4210-13] 
#211681. +: Pe trans connex.«=D‘P..Q=P,.[«.qtP.>. Hp #210251 
[4211686664] 
#21169. +: Peconnex.«=D(P-Al).Q=P,.[ «. 3. Hp *21012 
[421162 . ¥210°18] 
#211691. f: Peconnex.«=D(PeAD.Q=Piy[«.D(PeAD~rel.d. 
Hp #210251 [211-6965] 
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*211-692. |: Petransn connex.x=D(P.AL).Q=Pib ee 

q!Clex'C‘P— U'maxp. >. Hp 210-251 [*211-691°661] 

The following propositions are concerned with the relations of sections 

and segments of P to sections and segments of P. When aesect‘P, 


C’P —aesect*‘P, and vice versa. Also, if P is connected, the maximum 
of a (if any) is the precedent with respect to P (i.e. the sequent with respect 


to P) of O*P —a, and the sequent of a (if any) is the minimum with respect 
to P (i.e. the maximum with respect to P) of C‘P—a. Hence the relations 
to be proved follow easily. 


#2117. biaesect*P.>. O'P —aesectP 
Dem. 
bk .*22°43. Dr.OeP~aCOP qd) 
b,x2111.*871. 3b: Hp. d:vea.yPx.d.yea: 


[Transp] Divearyrea.Dd.v(yPa): 
[¥87°1.Transp] Divea.d wae PH a): 
[*37-265] DiaC— POP —a): 

[Transp] >: P«(O*P—a)C—a: 

[a37-15] >:P“OP—a)COP-a (2) 


F.(1).(2)-#211-1.3+. Prop 


ea 
211-701. tk raesect’P. Et maxp‘a. >. p'P“a € P'maxp'aC OP —a 
Dem. 5 

b.¥4012. Db: Hp.d.p Pa C Pimaxpa qa) 
b. #205101. D+: Hp. >. maxp'ave Pa. 

& 
[487°1.Transp.*32°181] >. P‘maxp'aC —a. 

ya 
[483-152] >. Pimaxp'aC OP —a (2) 
F.(1).(2). 34. Prop 
#211:702. +: Peconnex.aesect‘P.3.C'P—a Cp’ Pa [*202°501 . #2111) 
4211-708, |: Peconnex . aesect’P —UO'P. >. q 1p* Pa 

[#211-702'1 . #2438] 

#21171. +:Peconnex.aesect‘P.E! maxp'a.>. 


- & 
piP “a= Pimaxp'a=C'P --a 


Dem. | 4902501. 4211-2.h: Hp. >.0*P— aC pPXa Q) 
F.(1)-#211-701. Db: Hp.d.0'P-a=p Pa (2) 
F.(2).8211'701. Dk: Hp.>. Prmaxp'a Cp Peta. 
[4211-701] >. Pemaxp'a= p'P*a (3) 


F.(2).(3). DF. Prop 
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If a is a section of P, we shall call OfP ~a the complement of a. By the 
above proposition, if a is a section of P having a maximum, its complement 
is a section of P which is a member of Poor, 

#211-711. +: Peconnex. P?CJ.aesect"P.3. 
a= CP ~ pt Pia. OP ap P a= CP —a [#202503 . #2112) 
#211712. + : Peconnex.aesect‘P.E!minp(C*P—a).>. a=P*minp'(C'P—a) 


Dem. 
oe 
bk. «211-71 Pp: =) 
v ~ 
+: Peconnex. @ esect*P .E! minp'8.>.P'minp'8 =C'P—8 (1) 


b #2117. 424-492. Db raesect(P. = O'P —a.d.Besect(P.a=C"P—B (2) 
F.(L). (2). DE. Prop 


¥*211°'713. +: Peconnex.aesect‘P—D‘P .D.E!maxp'a.~Etminp"(C’P—a) 
Dem. 


F.*211-24. Transp. >+: Hp. >. EH! maxp‘a (1) 
b.*211-7123,. D+: Peconnex.aesect'P. EH! minp((C*P—a).D. ae D‘P, (2) 
+ .(2).Trausp. D+: Hp.d..E! minp(C*P —a) (3) 


F.(1).(3). +. Prop 


> > 
#211714. +: Peconnex .aesect‘P. >. seqp‘a C minp(O*P — a) 
Dem. 


F. 4206182. Dh: reseqpa.2.aeO'P—a (4) 
aes = e_ 
b. #206134. Dt: aeseqp'a.>. Pie CO*P — p’ Pa (2) 


b . (2) .*202°501 . #211:2.5 
> => 
b:.Hp.D:aeseqgp'a.d.PeCa. 
[437°462] D.are PCP —a) (8) 
F.(1).(3). 420511. +. Prop 


aad ~ 

The above hypothesis is not sufficient to secure seqp‘a = minp(C* P ~ a), 
as may be seen by putting 

P=af(avee), where qla.erea. 
_ 
We then have Peconnex. P*a=a.C0'P—ast@.p'P“a=avul%. Thus 
> > 
minp(O*P — a) = ta. seqp'a=A. It will be seen that aT (av tx) e trans, so 
that it is useless to add P trans to the hypothesis of *211°714. A sufficient 
addition is P GJ, as is proved in the following proposition. 
> ad 

#211715, F: Peconnex n RIC. ae sect*P . >. seqp’a = minp(O*P — a) 

Dem. 


> 
b. #20514. Dh: 2 minp(C'P—a).D.%eC'P—a.Paen(C’P—a)=A_ (1) 
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b (1) #83152. #211-2.3 
a 
weC’P—a— Pa. PaCa. 


Fs. Hp. >: a@minp(C'P —a@).3. Peete 

[#202°501] D.ce CP oS ie : He Ca. 

[%200°5] D.ceOPa Dea . Pee Cop Pa : 
[«37-1.Transp] D.ae COP a p\Pa— Pip P Ka, 

[*206°11] D.aseqpa (2) 


b.(2).*211-714. DF. Prop 
#21172. +:Peconnex.aesect‘P—-D*P..3. 

OP —a=P“(O'P—a).O'P—aeD{(P)eAT}  [*211-21-7:713] 
#211-721. b: Peconnex.aesect'P nm (U‘maxp v U‘seqp). D>. 


+ 
seqp’a = minp‘(C* P — a) 


Dem. 
e 
b.*211-71. 3h: Peconnex.aesect‘Pn U'maxp.3.p'P“a=C'P—a. 
> ~ 
[#206°13] D.seqpa =minp(C*P — a) (1) 


bk. «211-714. 
a > 
k:. Peconnex .aesect‘P.3:seqp‘a C minp(CO*P — a): 
> > 
[*205°3.%206°16] D:q !seqp‘a. D.seqp‘a = minp(C*P —a) (2) 
~ > 

F.(2). >t: Peconnex.aesect’P n U‘seqp. D.seqp'a=minp(C’P—a) (3) 
F.(1).(3). 34. Prop 
#211722. +: Peconnex.aesect‘P.E! maxp'a. E!seqp'a.D. 

maxp‘a = precp‘(O*P — a) 


Dem. 
+.¥211-721-7,+:Hp.d.0°P —acscct(P. E! minp(C*P—a). 
(Pp ~ 
[ «211-721 po D. preep(C*P — a) = maxp'{O"P — (OP ~ a} 
a) 
[*24-492] =maxp‘a 
[Hp] =t'maxp'a: DF. Prop 


We have always, if P econnex . aesect*P, 
“> 
precp‘(C*P — a) C maxp‘a, 
The converse inclusion does not always hold, as appears (on writing P in 


place of P) from the note to *211°714. To secure the converse implication, 
it is sufficient to assume PG J or B! seqp'a or ~E! maxp‘a. 


*211-723. +: Peconnex.aesect'P.>. preep'(O“P -—a)C Ree 
Dem. 


F.*202°11.4211-7.3+:Hp.> . P econnex ¢ OP —aesect'P. 


> > 
[seu714 5 -#205'102.4206101 | >. precp'(C*P — a) Cmaxp‘a: DF. Prop 
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#211-724. +: Peconnex. aesect*P n (C‘seqp v — O'maxp). >. 


cake a= preep'(O*P — ~a) 
Dem. 
+. *211:'722.D+:Peconnex. aesect*‘Pa Deegee ray a Ds 
mapa = preop'(O*P — @) (1) 
F .. 4211-728 . #2413. Db: P econnex.ae eee bic >. 


‘ins fam prees(CiP = a) (2) 
F. (1). (2). #2291. DF. Prop 


*211-725. 23 iPe eonnexe aesect’P a eget 
ay 
mare! a= preep'(O*P — a). nee a=minp(C*P—a) [*211-721-'724] 
#211-726. +: Peconnexn RIV. aesect*‘P.2. 


~ ~ ~ > 
maxp‘a = precp(C*P — a). seqp'a = minp'(C“P — a) 


Dem. 
b. #20011 . #20211. 4211-7. 3+: Hp.>. Peconnex a RIS.O°P —aesect*P. 
> ad 
[211°715.4205°102.4206-101] >. preep'(O*P — a) = maxp‘a (Qa) 


b,(1).#211-715. DF. Prop 


*211-727. + :. Peconnexn RIV. aesect*P. 3: 
E!limaxp'a.=.E!liminp((O‘P —a) [211-726 . *207°44] 
*211:728, + :. Peconnex n RI. aesect‘P: ~E! maxp'a.v. 
~E! minj‘(O"P — a): >. limaxp‘a=liminp'(C'P — a) 
Dem. 
F .#211°726 . #207-43-:12. 3+: Hp.~E! maxp‘a. >. 


aes ad 
limaxp‘a = minp“(C*P — a) 


> 

[207-46.4211°726] peas -a) (1) 
od 

Similarly +:Hp..E! minp(C*P —a).>. limaxp‘a=liminp(C‘P—a) (2) 


F.(1).(2). 4. Prop 
#211729. +: Pe connex n RIT. a esect*P — (A‘maxp n (‘seqp). >. 
limaxpfa=liminp'(O‘P—a) [¥211°728°726] 
*211-73. +: Peconnex.aesect‘P~D(PeAL).9. 
OP —ae D'{(P)eA I} — Uprece v {sect P —D“(P).} 


Dem. 
b.#211-21. 3h: Hp.D.aesect*P—CU‘maxp. 
[*211-7-°723] 2.C°P-a esect’P — U‘precp . 
[#2441] 3.C'P—ae (sect*P — U‘maxp —C‘precp) v 
(sect«P a Umax, — U‘precp) - 
[a211-31-21] D.O'P ~ ae {D(P). A [}— A 'preep v {sect*‘P— DP) : 


DF. Prop 
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#21174. +: Petrans nconnex.aeD‘Pe~D(PeAT).3. 
COP -—aeD(P)e— DP) AT} 


Dem. 
b, #211-431.3+: Hp. .aesect*P mn U'maxp n C'seqp. 
[*211-7°725] >.O°P — aesect’P n U'precp nm U‘minp. 
[4211431 >| >. OP — aeD(P)e—D4(P)e A 1} 2D Prop 


The following propositions sum up our previous results, 
4211-75, bra COP. Q=P.d:acsect!P.=.0'P ae sect Q [4211-7] 


4211-761. bs. PeSer.aCO'P.Q=P.>: 
aeD*Pe. =. OP ~ aesect*Q n (Cimaxg vu — Cseqg) 


Dem. 
b.#21132.3h:Hp.d:aeD‘Pe. =. aesect’P n (M'seqp v — U‘maxp). 
[*211°75°726] =. O°P — aesect*Q n (C‘maxg vu — M'seqg):. + . Prop 


In the above proposition, “Pe trans” is necessary in order that D‘P. 
may be contained in sect‘P, and “PeRI‘J” is necessary in order that 
“(CP —a)~we C'seqg” may imply “a~e Cmax.” Hence the full hypothesis 
“P ¢Ser” becomes necessary. 


*211-762. bs. Peconnex.aCO’P. Q=P Dr 
aeD(PeATI).>.0°P — aesect"Q — T'seqg 
Dem. 
F.«211-41. DriaeD(PeAL).=.aesect*P —CU'maxp (1) 
b (1). #2117723. b: Hp.aeD(PeAT).D. 
OP — aesect*Q — A’seqg: 21. Prop 


4211-763, bz. PeRMJ nconnex.aCO'P.Q=P.9: 
aeD(PeAT).=.0%P —aesect(Q—C'seqg [*211°41-7-726] 


¥211-754. bs. Pe Rin connex .aCO'P.Q=P.>: 
aesect’P — Dt Pe. =.C'P —~ ae D(Qe AL) nm A 'seqg 
Dem. 
fF. #211316. 
Fi. Hp. Dd: aesect’P —D‘P,. =. a¢ sect’P n (A‘maxp n — C‘seqp). 
(#211-7°726] -C°P — ae sect*Q n (A'seqg n — T'maxg). 
[*211-41] OP ~ae D(Qe AL) m U'seqg:. D+. Prop 


¥#211-755. +s. Pe trans q connex.aCO'P.Q=P.: 
ae D'Pe—D(PeAL).=.C'P—aeD'Qe—D(QeaT) [#211-74] 


#211756, 1. PeRIJ nconnex.aCO'P.Q=P.2: 
aesect'P —D(P.AL).=.C’P—aesect*Q n C'seqg [*211-41°7-726] 


Wom a 
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#211-757. b:. PeSer.aCO*P.2: : 
| 
aesect*‘P ~D(P.al).=.C’P—ae POOP [*211-756'302] 

#21176. +: PeSer.>.D‘P, = (O'P —-)(sect#P— C'tlp) 

Dem. 
+. #20713 . Transp. D+. — U*tlp = 'minp uv — ‘seq (1) 
F.(1).#211-751.5h:.Hp.diaeDiPe. =. a CCP .O'P—aesect’P— A'tlp. 
{#24°492] «(q8). Besect*’P ~Atlp.a=CP.—B. 
[%38°13] .ae(C'P —)(sect*P — U‘tlp):. DF. Prop 
#211-761. b: PeSer. 3. sect'P on C'ltp = (C'P -){sect(P - DP) 

{Proof as in *211-76] 
ve 

#211762. +: Pe Ser. 3. D(P. AT) =(O'P —)“(sect*P ~ P*O'P) 

Dem. 
b.#211°757. Transp. > 


ae 3 
ti. Hp.D:aesect(P. OP -ave POOP. =.aeD(PeAl) . ‘ (1) 
F. (1). #24492 . 438-13. DE. Prop 
#2118. +:P,,¢Ser.aesect‘P.>. 
> > > > > 
maxp‘a = max (P,,)‘a. minp{(O*P — a) = min (P,,)(C1P — a) = seq (Pyo)fa 
Dem. 

F.#21113. #91602. Ib: Hp.d.aesect*P,, (1) 


> > 
b. #211131. *205-111.5+: Hp.>. maxpa = max (Pp) (2) 


P > > ee 
fF. 2) -#211-7.(1). DF: Hp. >. minp(CP — a) = min(P,.)(E*P —a) (3) 
> 
[*211-726] = seq (Py) (4) 
b.(2).(3). (4). 35. Prop 
The above proposition is used in #232352 and *234°242. 


The following propositions lead up to ¥211-82, which is used in #213°4. 
*211'83'841°9 are also used in *213. 


*21181, +: PeSer.aesect{/Pravel.C’P—ael.d. 
O'P-a=BP.P=Phap BP.a=D'P 


Dem. 
} x2117 181-182 5. DF: Hp. >. OP aa BP ql) 
+ 2204-461 « Dt:Hp.d.P=PL DP» BP (2) 
b.(Q).e211. Dk:Hp.d.a=DP (3) 


F.(1).(2).(3). DF. Prop 
R&W II 40 
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#211811, b: PeSer—vA. P=Q2.>.CQesect‘P.2=BP.0Q= DP 


Dem. 
F.x16111.3b:.Hp.DdryeC'Q. dy. yPa: 


[#2041] DiarvelQ: 
[¥161°15] D:a= BP (1) 
F.#16113.3+:Hp. >.0°Q=D'P (2) 


b.(1). (2). #2111. 34. Prop 


4211-812. b:. PeSer—u'A.QeD‘PE.D: 
CQesect*P.C’P—C'Qel.=.(qz).P=Qpa.s.P=QHBP 


Dem. 
F.#204'4.%201°12. DF: Hp.d.0Qrel d) 
b.*20441. D>F:Hp.>.Q=PE CQ (2) 


fF. (1). (2). 421181. tk: Hp. OQesect*P.O*P—O'Qel.>. 
OP—-OQ=UBP.P=QpBP (3) 


b.¥211811. Dt: Hp.d:(qe).P=Qpo.=.P=QpBP (4) 
.¥211811.3+:Hp.P=Qt2.d.CQesect(P. OP —-CO'P@el (5) 
+.(3). (4). (5). DF. Prop 


#21182. bi: PeSer.QeD*P[.3:. 
C'Qesect‘P.=:(qR).P=QLR.v.(qz)-P=Qp2: 
=:(qR).P=Qth.v.P=Qp BP 
[#211-282'283'812 . *160°22 . *161'2] 
#21183. big tP.arveO'P.D.sect(P 2) =sect’P vi(O'P vite) 
Dem. 


b.*2111.3 

b:. Hp. Draesecth(Px).2.aCC'Puttc.(Pp2)"aCa qd) 
F.(1).#16111.3 

ks. Hp. Dr aesect"(P+42).cea.=.aCO'Puiac. PaulPCa.crea. 
[#22°41] =.a=CP ula (2) 


t.(1).*161-11.> 


t:.Hp.D:aesect(P+x).cvea.s.aCC'Putia. PhaCa.arvea. 


[51°25] =.aCO'P. P"aCa. 
(*211-1] =.aesect*P (3) 
F.(2).(3). +. Prop 


#21184. +: O'P an CQ=A.D.sect( PQ) =sect!P u (OP uv) sect“Q 


on =sect‘P u(C'P vu) (sect*Q— 1A) 


F.«2111. Db saesecth(PLQ).s.aCOPudd. (P4Q) aa (1) 
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F.(1).#16011.3 
ki. Hp.D:aesect'(P#Q).aCOP.=.aCCP. PaCa. 
[#2111] =.aesect'P (2) 


F.(1). #16011. > 
bi. Hp.D:aesect"(P#Q).qtanC'Q.= 
aCOPucQ. OP vu QttaCa. qlandQ. 

[*24'43-491]=.a—O'P COQ. OP Ca. QaCa—-COP.qia-CP. 
[24°91 487265] 
-a-OfP COQ. C°PCa.Q\(a—C*P)Ca-O'P .qia—-CP. 
[*211-1] — CP esect*Q—uA.O1P Ca. 
[*22:92] =.ae Ge v)*(sect*Q — tf A) (3) 
+. #2112644. D+. C'P esect*P . OP e (C*P u)f*(sect*Q a fA) (4) 
F .(2).(8). DF: Hp. >. sect(P#Q) = sect*P v (OP v)**(sect*Q — uA) 
[(4)] =sect'P vu (O*P v)sect*Q: DF. Prop 
#211841. F:O'PaCQ=A.D. 

sect"(P4.Q) — uA = (sect*P — uA) u (C*P uv) (sect’Q—etA) [#21184] 


#2119. b.sect(ay)=U A vue uefa U uy) 


| UW ut 


Dem. 
F 2111-26. 3+. Aesect (x | y). Ufa very esect(x | y) (1) 
b.k5513. Dhrazy.d. (ely iar (2) 
b.xd518. Dhkra=y.d.(a] yam a (3) 
b.(2).(8). DE(w] yee Cee. 
[#2111] Dh. uwesect (x | y) (4) 


Fi x2111.*544.5 

bi. Pesect(cly).D:B=A.v.B=la.viPalty.vi Palau ity (5) 
F.x5518. Dhkraty.Dd.ve(al y)ury—uy. 

(#2111) D.u'yrwesect'P (6) 
b.e5123.  Dhkiw=y.d.Ulysua (7) 
b.(5).(6).(7).D ks. Besect(aly). I: BeA.veBweia.v. P=iavity (8) 
F.(1).(4).(8). DF. Prop 


#212. THE SERIES OF SEGMENTS 


Summary of #212. 


The series of segments or sections of a series may be ordered by the 
relation of inclusion, after the manner considered in *210. Since, as was shown 
in *211, sections and segments have the properties assigned to « in the hypo- 
thesis of *210, the resulting series are such that every class has either a 
maximum or a sequent, and either a minimum or a precedent; 1. the series 
of segments or sections are Dedekindian, Most of the properties of the series 
of sections and of the series of segments which have no maximum, only require 
that the original relation should be connected. The properties of the series 
of segments in general (D‘Pe) require also that. the original relation should be 
transitive. 

We denote the series of segments by $‘P, putting 

SP=P,[>D'Pe Df 
We then have, in virtue of *210°13 and *211°61, 
#21223. +: Petransnconnex.3.¢‘P= ae {a,8eD'Pe.aCB.at Bf} 
In like manner, for the series of segments which have no maximum, 


we put 
som'P=P,[D(P.ATI) Df, 
and we have 


*212:22. +: Peconnex.>.sgm‘P = ap {a, BeD(PeAD .aCB.atB} 

We do not need a special notation for the series of sections, since, in virtue 
of *211°13, it is s§Py or sgm‘Py. Thus, by *212'28, 
#21224, Fs Pyeconnex.>.9'Py= 88 fa, Be sect'P.aC 8.atf} 


We begin the number with various propositions on the fields, etc. of these 
relations, and on the conditions for their existence. We have 


#212132. +. D's‘ P=D‘P. -—u'D'P. d‘s'P = D'Pe- tA 
#212183, F: qt P.3.0%s'P=D‘Pe. BigfP =A. BCnv's‘P = D‘P 
421214. biq!iP.s.qis'P 
#212152. |. U‘som‘P=D(PeATI)—U'A 
#21217. Fig is'Py.=.qlsect(P—U A. =. sect'Pvel. =. q!P 
#212172. big t PD. O's Py =sect'P. Bis'Py =A. BYCnv's'Py = OP 

Of the next set of propositions (*212°2—'25), several have already been 
mentioned. An important proposition is 
4212-25. +: PeSer.d.PiP=(s'P) [ P“OP 
for this shows that the series of segments contains a series similar to P. 
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We take up next the application of the propositions of *210 to the series 
of sections and segments. We show that if Peconnex, sgm‘P and ¢‘Py are 
series (*212'3), and that if P is also transitive, s‘P is a series («212'31), We 
have 
#212322. b: Peconnex.q! P.rACsect(P. >. 8 = limax (s‘Py)r 
#21234. +: Peconnex.q!P.ACsect'P.3. pn CP =limin (s*Py)r 
so that every class of sections has both an upper limit or maximum and 
a lower limit or minimum (*212°35). 

We then prove similar propositions for s‘P and sgm‘P, except that in 
place of #212°34 we have 
#212431. +: Petransnconnex.q!P.XVCD‘P..3. 

s(D‘Pe a Cl’p'n) = limin (662) 
#21253, +: Peconnex.qisgm‘P.XCD(PeATZ).3. 
s{D(P. AD) 9 Cl‘pn} = limin (sgm*P)' 


The reason of the difference from *212°34 is that the product of an existent 
class of segments may not be a segment. Suppose, for example, the segments 
are all those that contain a given term 2, where x has no immediate successor; 


as 
then their logical product is P‘x v t*x, which is a section but not a segment. 
We have next (*212°6—-667) a number of propositions on the limits and 


> 
maxima of sub-classes of P**C*P in the series ¢{P. The interest of this 
subject lies in its relation to irrationals. If a is a class contained in O*P and 


> 
having no limit or maximum, P*‘a is contained in Os‘P, and has a limit in 
s‘P. We may call this limit an irrational segment, There is no irrational 
term in C“P, because in P there is no limit to a; but the limit, in s*P, 


> 
of P*‘a may be called irrational, because it corresponds to no term in C*P. 
It should be observed that (as will be proved in Section F) if P is similar to 
the series of rationals, s‘P is similar to the series of real numbers. 


The most useful propositions in this subject are: 
#2126. +:PeSer.aCO'P.d. 
> > ee eS i 2 
max (¢*P)‘ Pq = max (P5P)§P“a= Pimaxp‘a 
#212601. t:. PeSer.aCO'P. 3: 
2.5 = 

E! maxp‘a. =. HE! max (P)P)'Pa. =. E! max (s*P)'P a 
#212602. b:. PeSer.q!P.aCOP.3:E! maxpa.=. Pha Pq 
#21261, +: Petransnconnex.q!P..limax (s°P) Peg = Pq 

= 

#212682. |: PeSer.qiP.aCO'P, PaneP OP... Pq=lt(s‘Py Pa 
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#212661. +: PeSer.«CD*‘Pe. Et lt(s*P)«. >. 
lt (s*P)« = lt (SPY Bs = se 
This shows that every limit in the series of segments is a limit of a class 
of what we may call rational segments (1.2. segments of the form P*a), namely 
it is the limit of Pate. 
*212'667, +: PeSer. >. D‘lt(s*P) — uA = C‘sgm’P 


This shows that the segments (other than A) which are limits of classes 
of segments are the segments (other than A) which have no maximum in P. 


The number ends with a set of propositions (*212-7—-72) on the relations 
of the sections and segments of two correlated series. If S is a correlator of 
P with Q, then S- (with its converse domain limited) is a correlator of s‘Py 
with s‘Qy, s‘P with s‘Q and sgm‘P with sgm‘Q (#212°'71-711'712). Hence 


#212-72. Fk: PsmorQ.>.s‘Py smor s‘Q,.. s‘P smor s*Q.sgm‘P smor sgm‘Q) 


This proposition is used in the next number, and also in #271. 
«21201. s‘P=P,,.[ D‘P. Df 


#21202. sgm‘P=P,,[D(PeAl) Df 
42121, bra(s'P)8.=.0,ReD'Pe. gq! B-a—P(a—8) 


[*170°102 . %37-15] 
#21211. bra(sgm‘P)8.=.a,8eD(PeAl).qip—a 
Dem. 
+. #170102 .¥87°15 1D 


Fra(sgm‘P)B.=.a,BeD(Pe AL). gq! B—a—-P“(a—B) (1) 
b.x21112.3h:aeD(PeAD.3.-a=—Pa. 


[«37-2.Transp] D.-aC—P*(a—@). 
[*22°621] D.-a-—P(a-B)=—a (2) 
F.(1).(2). D+. Prop 


¥212-12. tra(sgm‘Py)8.=.a,8esect"P.qi8—a [*21113.*212:11] 
Thus sgm‘P, has the same connection with sect‘P as sgm‘P has with 
D(PeAD), When P is transitive, sgm‘Py also has the same connection 


with sect‘P as s‘P has with D‘P.. The following proposition makes these 
facts more explicit, 


#212121. + .sgm‘Py=s'Py =P, f sect“P 

Dem. 
F. #21118. 3+. sgm*Py = Pil sect*P (1) 
b.%2121 + #21118. 3t:a(s‘Py) 8. = .a,Resect'P.q!B—-a—Py'(a—B) (2) 
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+. 421113. F:aesect"P.D.a= Py a. 


[#372] >. Pyf(a— 8) Ca. 
(Transp.*22°621] D.-a—Pyi(a-B)=-a (3) 
F.(2).(3). Dkr a(s'Py)8.=.0,Resect'P.giB—a. 

[¥211:12] =.a(sgm‘P,) B (4) 
F.(1).(4). 4. Prop 

#212122, bP, spm‘P e RIG [4170-17] 

#212123. +. C's“P, C'sgm!P~el [*200°12 . *212°122] 


#21213. FiA(s'P)B.=.BeD'Pe—t'A  [*170°6] 

#212131. Fia(s'P)(D‘P).=.aeDiPe—UD‘P 
Dem. 

F.x2121. Db :a(s*P)(D‘P). 

[*211°301.#37°15] 

[#24°55.422-41] 


-¢, DIP e D‘Pe gq! D'P —a—P*(a—D*P). 
ae DIPe.aCD'P.q!D*P—a. 
-aeD'P..aCD§P.a+D‘P. 


Wow uo 


[#3715] -aeD§P..a+D'P: 3+. Prop 
#212182. +. D‘s‘P = D‘Pe—'D‘P.. U'g*P = D'Pe— tA 

Dem. 
F.#212:13-131.D+.D*P.-—t'D'P CD‘s°P. DSP. — 'A CU '6(P qd) 
b.#2121.3D+.D's§PC D*P.. U's'P C DSP, (2) 
F.*2121. DF rae DsfP.3.(q8).BeD'Pe. qi B—a. 
[487-15] >.qiD‘P—a (3) 
F.*2121, 3b Bed's'P.D. (qa). qi B—a. 
[¥24561] >d.qtB (4) 
b.(3).(4). DE. Di§P Ce DP. 's(P CUA (5) 


F.(1).(2).(5). 3. Prop 

#212138. Fst P.d.C's(P=D*P.. BisfP =A. BCny's'P = D‘P 
Dem. 

+.*3324.3+:Hp.d.A+D‘P. 


[4212-132] D.AcD's‘P.D'Pe('s'P. 
[451-221] >. D's‘P = {(D‘P. — Ut D‘P) — UA} vit. 

[4212-132] >. O's(P = {(D‘Pe — fA) —D*P} vif A v (D‘Pe - fA) 
[*22°63] = (D'P.— UA) UA 

[a51-221] =D'P, a) 
F.(1). #93103 . 4212139. : Hp. >. BYs‘P = DP. ~ (DP, = 4A) 
{*211-44] =A (2) 
(1) .#93'103 . #212182. Hp. >. B'Cav'sP = DP, — (D'Pe- DP) 
[#211301] =UDP (8) 


F.(1).(2).(8).DF. Prop 
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#212134. F: P=A.D.gfP=A [#17035] 
wQ1214, iG! P.s.qistP 


Dem, 
b .#212-138. #211301. Db: q!P.d.qiOstP. 


[*33-24] D.mis!P (1) 
+. (1). #212134 .34. Prop 
#212141. FracCs'P.=.ae DOP. gt P 


Dem. 
b.e1024. DkraeCsP.D. ql CP. 
[#33-24."212-14] D.qiP. (2) 
[*212°133.Hp] D.aceDiPe (2) 
b. #212133. DF:aeDiP.. Gi P.d.aeO%stP (3) 


F.(1).(2).(8).DF. Prop 
4212142. bi giofP.=.DiPevel 


Dem, 
b.#211-66. #21214. Dk:qis'P.D.DSPervel (1) 
b. #212132. #21144. 3+: D'Pewmel. Dd. qi C's'P. 
[33-24] D.qistP (2) 
F.(1).(2). +. Prop 
x21215. b:A(sgm{P)8.=.8eD(PeAL)—t'A [Proof as in ¥212:13] 
4212151. F: P=A.D.sgm‘PHA [#17035] 


The converse implication does not hold in this case. For the existence 
of sgm‘P, it is necessary that C‘P should contain existent classes having no 
maximum. 

#212152. +. C‘sgm‘P = D(PeAT)—t‘A [Proof as in #212°132] 
#212153, Fi tsen‘P.=.q!D(PeADT—UA.=.D(PeAT) vel 
Dem. 


F.x21215. DkigqiD(PeaL—vA.d.q!sgm’P (1) 
b. #212152. 3 hi gisgm(P. dD. qi D(PeaAl)—uA (2) 
b.e21211. DEiqylsgm’P.D.(qa,8).a,BeD(PeAl).a+f. 

[#52°16.Transp] 3.D(PeAT)~vel (3) 


F. #21144. #52181. 

brD(P.ALD)~wel.D. (G8). BeD( Peal). BHA. 

{¥212°15) D.qisgm‘'P (4) 
F.(1).(2). (3). (4). DF. Prop 

#212-154. Foy isgm'P.>. O’sgm‘P =D( Pe Al) 


Dem. 
F.#212153:15.3t:Hp.d.A¢ Disgm‘P. 
[212-152] >. DP. A 1) C C’sgm*P (1) 
b.x21211. D+. Cfsgm‘P CD( Pe AT) (2) 


+ .(1).(2). DF. Prop 
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#212155. bi: qisgm'P.D.A=Bésgm‘P  [*212°152°154. #93103] 


#212156. Fiae C’sgm'P.=.aeD(Pe Al). qisgm'P. 
aeD(Peal).D(PeAD vel 


“htt 


Dem. 


b.#212°154. 3b raeD(PeATD).q!sgm'P.D.aeC%sgm'P (1) 
F. #1024. 433-24. Db a6 O%sgm'P.D.qisgm'P. (2) 
[*212°154] D.aeD(P. AT) (3) 


F.(1). (2). (8).#212153. 2h. Prop 
#21216, F:C°PCD‘P.3. DP eD(PeAD 


Dem. 
+.#37-27.D+:Hp.3.P“D‘P=D‘P (1) 
F. (1) «#21112. DF. Prop 


*212161. F: TS PCD‘*P. gi P.o.qisgm’P 


Dem. 
b 439-24, #21216.D+:Hp.>.D‘PeD(PeAD-UA. 
[212-15] >. A(sgm‘P)(D‘P). 
[*11°36] >.q!sgm'P: D+. Prop 


#212162. F: G©PCD‘P.qiP.o. 
D‘P = BCnv‘sgm‘P . D'isgm‘P = D( Pe A I) -—D‘P 


Dem. 
b . 21216152 .#33'24.9+:Hp. >. D‘P e U‘sgm‘P ql) 
b.212:11.43724. +: Hp.aeD(P.AT)—-«D‘P.3.a(sgm'P)(D‘P) (2) 
+. «87:24. DkraeD(PeAl).D.~q!(a—D*P). 
[#212711] 3. {(D‘P) (sgm*P) a} (3) 


F.(2).(3). DF: Hp.3.D(PeAD-t'D‘PCDisgm'P.DiPweD'sgm‘P (4) 
F.(1).(4).#212'154. +. Prop 
#21217. Fiqis'Py.=.q tsect(P—iA.=.sect(Prel.=.q!P 

Dem. 


b 4212-182. 421118. Dbiqis’Py.s.q!sect('P—u'A qd) 
ba #212142 21118. Db yis'Py. =. sect*Prel (2) 
be x212-14. Deiqis!Py. =. qi Py. 

[x90°141} =.q!P (3) 


F.(1)+(2).(3). DF. Prop 
#212-171. +. D's! Py = sect*P —u'O'P . U's‘ Py = sect!P — fA 
[#212132 . 211-13 . *90°14] 
#212172. bq! P. 2. O's’ Py =sect"P. Bis! Py = A. BYCnv's! Py = OP 
[#212°133 . *211°13 . #90141] 
#212173. Fi aeCO's'Py. =. aesect‘P.Gq!P.=.aesect’P.sect‘Prel 
[#212°141°142:14 .%211°13} 
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4212-18, +. s‘Py=(O'P -)iCnv's'Py 


Dem. 
b. #2121121. DF: a(s‘Py)8.=.a,R esect*‘P.qif—a. 
[¥211°7] =.(qy, 6). 7, Sesect’P.a=CO'P—-y.R=OP—8.q1B-a. 
[#24°55] = .(qy, 8) «y, Se sect*P .a= OCP —y. B= O'P—5.~(BCa). 


[x21 1-1.#24-492] =. (py, 8). 97, Sesect{P.a=O'P—y. B= CIP —5.~(yC8)- 
[#212'12.42455] =. a (CP —)3Cnv‘s‘Py} 8: Dt. Prop 
4212-181. £. (s‘Py) smor (Cnv's*Py) [#21218] 
The above proposition is used in *252°43. 
#2122, b.som'PGs'P.sem'PEs'Py [#21114 .*212-1-1112] 
#21221. +: Petrans.>.s‘PGs'Py (#211715 . #21212] 
#21222, +:Peconnex.>.sgm'P =48 fa, Be D'(PeAl).aCB.a+ BR} 
(#211°62 .*210°1 . #21211] 
4212-93. +: Petransa connex.>.s‘P =48 (a, Be D’Pe aC Bat 8} 
[210°13 . x211-61 . (#212-01)] 
#212-24. +: Pyeconnex.D.$'Py = 48 (a, Besect(P.aCB.at Bf} 
(#212°121-22 . 4211-13] 
>, > 
#212-25. +: PeSer.3.PiP=(s‘P)f PHP 
Dem. 
F.*204'33'331.5 
> > 
Fi. Hp.Ddia(PoP)B.=.a,8e PCCP .aCB.atZB. 
> 
[%212°23.%211°3] =.a,8e P“C'P.a(s'P)Bi. DF. Prop 
The following propositions, down to *212°55, consist of applications of the 
propositions of *210, where the « of that number is replaced by sect‘P, 
D‘Pe, or D({PeATJ), and the Q is replaced by P,,.[«, ie by s‘Py, s*P, or 
sgm‘P, The propositions which follow are important, since the use of 
segments, especially in connection with continuity, depends largely upon 
them. 
#2123. +: Peconnex. >.sgm‘P, s‘Py ¢ Ser 
[*211°67 . #210714. 212-121] 
#21231. +: Petransconnex.>.s‘PeSer 
[211-68 . x210-14 . (421201) 
«21232. +: Peconnex.4!P.XCsect'P. sed. d,s! = max (s*Py)'r 
[*210°211 . *211°67 . #21217] 


We write max (s‘P,)*n, instead of putting s‘Py below the line, because, 
when we have to deal with an expression not consisting of a single letter, it 
is inconvenient to write it as a suffix, especially when it contains a suffix 
itself, as in this case. 
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#212321. |: Peconnex.q!P.rACsect*P. s'Awerd. D. 5A = seq (s*Py)r 
= It (s*Py)r 
[*210°231 . #211-67 . %212-17 . 211-63] 
212322. t: Peconnex.q!P.rCsect'P. Dd. sh =limax (s'Py)% 
[¥212'32'321 . ¥207-46] 
#21233, +: Peconnex.q!P.XCsect‘P.prAnCiPer.D. 
pra CP =min(s'Py)X 


Dem. 
b #211671 .#210-252 . #211-26 . > 
b:Hp.Dd.pranCPe tin (s(Py)AU vies (s*§ Px) q) 
b. #2062. DErpXa CPer.D. phn O'Pre prec(s‘Py)'r (2) 
b.(1).(2). Db: Hp. ds pina OP emin (sfPy)% (3) 


F .(3).#205°31. 3+. Prop 


#212331. : Peconnex.y!P.ACsect‘P pranlPrer.d. 
pra OP = prec (sf Px) = tl (¢*Py)r 


Dem. 
b .*211°671 .*210-252 . #211:26.3 
b:Hp.3. pra CfP =limin (s‘P x) Ar (1) 


b.#205-1. Transp. DF ipa Pred. d.parnO'Premin(s'Py)r (2) 
b .(1). (2) «#206161. D+. Prop 
#21234. +: Peconnex.q!P.ACsect*‘P.3. pr CYP =limin (s‘Py) 
[*212°33'331 . *207°46] 
#21235. +:Peconnex.q!P.). 
(A). Xe {A'max (s‘ Px) v T'seq (s‘Px)} n (Amin (s‘P,) v A‘prec (s‘Py)} 
[210-28 . ¥211°671 . #212121] 
#21236. +:. Peconnex. D:r¢ C'sgm‘s‘ Py. D. EH! seq (s*Py)r 


Dem. 
b. #211°47 «#212353. 
br. Hp.q!P.3:r¢ C'sgm‘s‘Py.D. E! seq (sf Py) (1) 
+. #3324. Db: Xe Ofspm‘s' Py. 2. q isgm‘s'Py . 
[*212°151.Transp] D.mistP,. 
[#21217] D.qiP (2) 


F.(1).(2).D +. Prop 
#2124. +: Petransnconnex.q!P.ACD‘Py.s'r er. .sX=max (SPA 
(*211-68°66 . 210-211] 
#212401. +: Petransnconnex.q!P.rCD‘P.. sted. dD. 
sh = seq (¢*P)A =1t (s*P)A 
[*211-68°66-64 . #210231] 
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#212'402, F: Pe trans nconnex.G!P.XCD*P.. D.s*h = limax (‘PA 
(#212°4-401 . 207-46] 
#21241, +: Petransn connex.q!P.rxCD*Pe.prerd.>. p'r=min(s'P)r 
[*211-68-66 . *210-21] 
#212411, +: Petransnconnex.q!P.VCD‘P,.preD'P.-r.9. 
p'r= prec (s'P)‘r = tl (sfP)r 
[#211-68'66 . #210-23] 
#21242. +: Petransaconnex.q!P.A0CD*Pe.pdred-2. 
8(D6 Pen Clip'r) = prec (s‘P)*r = th (s§P) 
[#210°26'22 . #211 -68'66-64] 
The cases considered in *212'411 and *212'42 are not mutually exclusive, 
since if p‘ve D‘Pe, we have s(D‘P. n Cl'p'r) = pr. 
#212421. +: Petransaconnex. q!P.ACD‘Pe.p're DP. Dd. 
s(D6 Pen Cléptr) = Ph pr 


Dem. 
F.x211151. Dt:.Hp.Diaer.2.. Pata: 
[*40°81] 3: Pipnr7Cpr (1) 
b.().#21111, Db: Hp.d. P\preD'P.aClpr, 
{#40°13] D>. Pi p'r7 Cs(DiPe a Clép'r) (2) 
+. 13196 .¥60°2.3b:. Hp. D:aeD‘Pen Ci'p'r.d,-aC pr.at pr: 
[*211°56-'15-632] Diqir.aeDiP.aClpr.d..a€ Ppr: 
[#40°151] D:qirn.d.8(D6P. a Clop'r) C Piper (3) 
F.#40°2. 43724. Db: A=A.D.8(D6 Pen Clip'r) CDP. Pi pX=DIP (4) 
+.(3). (4). Dt:Hp.>d.s(D'Pen Cpr) C Ppn (5) 
F.(2).(5). +. Prop 


#21248. +: Petransnconnex.q!P.X.CD‘Pe.pr~reD*Pe.d. 
Pip). = prec (stPYA=tl(s\P)A [4212-42421] 

Thus with regard to the lower end of a class chosen out of O%s*P, we 
have three cases to distinguish: (1) if ped, p‘r is th: minimum; (2) if 
preDiPe—X, pr is the lower limit; (8) if prec itPe, Pp is the 
lower limit. 
#212431. f: Petransnconnex.q!P.ACD‘P..5. 

s(D‘Pe n Clép'r) = limin (s*P)‘r 


Dem. 
b. 4212-42. Db: Hp. paver. d.5"(D'Pen Clép'n) = tl (s¢P)A a) 
F. #22441. 5b: Hp. per. 2. p're(D'P.n Clpr). 
[¥40-13] D.prCs(D' Pen Cl'pr) (2) 
b.x602. DhkiacD*PenClp'r.d.aCpar: 
[x40°151] Dh. s(D'Pen Clip) Cpr (3) 
F.(2).(8). DF: Hp. per. D.8(D'Pen Clip'r) =pr. 
[212-41] D.8(D‘Pe a Clp'n) = min (s*P)A (4) 


F .(1). (4). #20746... Prop 
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*212-44. +: Petransnconnex.q!P.3. 
(A) A {A'max (s*P) v A'seq (s‘P)} 9 {A'min (s‘P) v A *pree (s‘P)} 
[#211°681 . *210-28] 

#21245, +:. Petransn connex. 3: C’sgm‘s‘P.D. El seq (‘PA 


Dem. 
b #21147 .*212°44'31.5 


tr Hp.q!P. dire Cisgm's'P. >. El seq (s‘P)A (1) 
+, #83:24. Db: re C'sgm's'P.D.qisgm's'P. 
[*212°151.Transp] D.qis'P. 

(*212:14] Dd.q!P (2) 


F.(1).(2). >. Prop 
The proofs of the following propositions are exactly analogous;to those of 
the corresponding propositions on s*P. 
#2125. +: Peconnex.qlsgm‘P.ANCD(P.Al).sred.D. 
8‘. = max (sgm*P) 
#212501. +: Peconnex.q!sgm‘P.NCD(P.AI).sA~reX.D. 
8) = seq (sgm‘P)‘A = lt (sgm6P)r 
#212502. +: Peconnex. y!sgm‘P.XNCD( Pe AL). 3 .8'r=limax(sgm’P)% 
[¥212°5°301] 
#21251. +: Peconnex.qisgm‘P.YNCD(P.AD). pred... 
pd = min (sgm‘P)*r 
4212-511. F: Peconnex. qisgm'P.XNCD(P.AT).preD(PeAD)—-A.D. 
pr = prec (sgm‘P)A = tl (sgm‘P)A 
#21252. +: Peconnex. q!sgm‘P.NCD(P.AT).pdrrver.D, 
8{D‘(P. A 1) a Cl'p‘r} = prec (sgm‘P)*r = tl (sgm‘P)A 
This proposition includes #212°511, since, if p‘. «DP. 4 I), we have 
s{D(PeAD a Cla} = pir. 
421258. +:Peconnex.qisgm‘P.ACD(P.AL).). 
s{D‘(PeA Dn Clpa} = limin(sgm‘P)%  [#212°5152] 
The proof proceeds as in *212°431. 
#21254. +: Peconnex.ylsgm‘P.D. 
(A) - ve (‘max (sgm‘P) v (seq (sgm*P)} m {A ‘min (sgm‘P) v Oprec(sgm‘P)} 
#21255. [:.Peconnex. 2: C'sgm‘sgm'P.D. E! seq (sgm‘P) 
The following propositions are concerned with the relations of maxima, 
limits and sequents in P and s‘P respectively. The series Bp, which is 
ordinally similar to P, is contained in s‘P; and if a has a maximum or 


=> > => 
limit in P, the maximum or limit of P*‘a in ¢‘P is P'maxp‘a or P*ltp‘a. 
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s 
In this way, a series (namely P3P) which has the same ordinal properties as 
P can be placed in a certain Dedekindian series (namely s‘P) in such a 
way that the classes which have limits in P are those whose correlates have 


Es 
limits which are members of P*‘‘C*P, while those whose correlates have 


> 
limits which are not members of P‘‘C‘P are those which have neither a 
maximum nor a limit in P. These relations are important in many con- 
nections. For example, if P is of the type of the rationals, s‘P is of the 


type of the real numbers: C*s‘P — PCP corresponds to the irrationals, 


> => 
and classes contained in P‘‘C*P but having a limit not belonging to P‘‘O‘P 
correspond to series of rationals having an irrational limit. In the original 
series P, there are no irrational limits; but if a is a class in C“P and having 


pare 
no limit, P‘‘q has an irrational limit in ¢“P. 
#2126. +:PeSer.aCCP.d. 


> => a ee Se 
max (¢4P)*P!‘o = max (P3P)' Po = P“maxp'a 


Dem. 
F. *205°9 . #200712. 
> => a= 2 
b: Hp. 3. max (s‘P)*P a= max (P3P) Pa qd) 
+, *204'35 .*205°8.3 
a See ee 
b:Hp. >. max (P3P)‘P a= Pmaxpa (2) 
F.(1).(2). 34. Prop 
#212601. §:.PeSer.aCO'P.3: 
> = > 
E! maxp‘a. =. E! max (P3P)‘P“a.=. EB! max (s‘P)§P\a 
[#212°6] 
a 
#212602. b:. PeSer.q!P.aCOP. 3: E! maxp'a.=. P ae Pa 
Dem. 
F .*212°601 . #210-223.3 
> => 
Fi. Hp.3:E! maxp‘a. =. 6'P ae Pa. 
[*40°5] =. Pine Phy i D+. Prop 


> 
¥212°61. +: Petransnconnex.q!P.).limax (s‘P)§ Pa = Pa 
[#212-402 . 440-5] 


#21262. +:.PeSer.q!P.3: 
> = 
E! limaxp‘a. =. E! limax(P3P)'P“a. 
> = 
=. limax (s‘P)‘P“a = Pilimaxp‘a. 


~> 23 
« limax (s‘P)' Fae POHCEP 


Dem. 
> = 
b .#204'35 .#207°65.3t:. Hp.D: E! limaxpa. =. E! limax (P3P)‘P*a (1) 
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> 
b.*20751.5+:.Hp.3: Plimaxp‘a = Pa. =. limaxp‘a=limaxp‘a. 


mi ili 


[414-28] » EB! limaxp‘a (2) 
+. (2) #21261. 
> lS 
bi. Hp.>:E! limaxp‘a. =. limax (¢‘P)‘ Pa = P'limax p‘a (3) 
b, #207°51 . #14204. 
> 
bi. Hp.3: E!limaxp'a. =. (q2). ce OP. Pia= Pa. 
> 
(#37°7] =. P ae POOP (4) 


F.(1). (8). (4). 95. Prop 
a 
#212621. b:. PeSer.8CC\P.D: limaxp‘ae 8. =. limax (s*P)'P'ae Pg 


Dem. 
+ .#33:24.b:Hp. limaxp'ae@.3.41P. limaxp'ae B.« 
[14-21] D.q!P.E! limaxp‘a.limaxp‘aeB. 
> lS 
[*212-62] D . limax (s§P)‘ Pa e PB (1) 


> 3 
b.433°24 . #22621. 2+: Hp. limax (s'Py Pa € EBs >. 
aq! P.limax (Py Pra € Pug a POP. 


[*212°62] D. limax (sP)\ Pha P* «PS. limax (s°P) Peg = Pelitiasita i 
[¥72°512.%20434] D. timaxp‘ae 8 (2) 
F.(1).(2). Db. Prop 


pa 
#21263. +:PeSer.q!P.aCCOP.~E! maxp'a. 2. lt (s{P)'Pa= Pa 
[¥212-61-601 . #207°43] 


> > 

lt(s*P)'PMa=Pltp fa. 
> 3 

=. It(s‘P)*P ae P“OCP 


#212681. b:. PeSer.q!P.aCO'P.d:E! ltp a. 


Dem. 
F.*207°47. DF: Elltp'a.=. FE! limaxp'a.~E! maxp‘a (1) 
F .(1).#212°62°601 .5 
> lh! > 
br. Hp.3:E! Itp‘a. =. limax (¢(P)‘P“a= P'limaxp‘a.~E! max (s‘P)‘P\a. 


> > 
[*207°43-11] lt (PY Pa= Pltpfa (2) 


E.(1) . #212-62-601 .D 
> 23> => 
br Hp.3:E! Itp'a. =. limax (s‘P)‘Pae P* OP. E! max (s‘P)‘PM'a. 
> 

[x207-43-11] vt (6°P) Pa e POOP (3) 
F.(2).(3). DF. Prop 

> 
#212682. t: PeSer.q!P.aCO'P. Pane POOP >. Pant (s\Py Pa 


Dem. 
+. #212602. D+: Hp.>.~E! maxp‘a. 


> 
(*212°601] D.vE! max (s‘P)'P“a. 

> 
[#212°61] D.1t(s*P) Pas Pai Db. Prop 
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#212633. F:. PeSer.qiP.rveCO'P.BCCP.9: 
> > 
2=ltp'B.=.P&a=lt(s'PY PB 


Dem. 
fF. «212631. «1421.5 
=> > 

br Hp. Diav=ltp'B.d. Pies lt (s*P) PR (1) 
2 > > 

+. #212402. Db: Hp. Pix =lt(s*P)P"8.D. Pia = PB (2) 
> —> > = 

4206-2. Dk: Hp. Pr=lt(s§P)P“B.D. Plone PQ. 

[#72°512,4204-34] Diane (3) 

> => 
b. (2). (3). #207232. Dk: Hp. Péw=lt (6*P PWR. D. 2 = ltpB (4) 
F.(1).(4). 3. Prop 


- 

4212-65, br. PeSer.aC OP. D1 Et seqpta. = . Pésegp‘a = seq (sP) Pa 
Dem. 

b. #20617 #21015 . #2113. 


> > 
kr: Hp. :. P'seqp‘a =seq (s*P)‘P a. =: 
2 3 27> 3 
yeanOP. dy» Py CL eel ae Pty + P'seqp'a: 
> 
yeD‘P..y C P'seqp'a. wt Presgita: D, .(qz).zea. gO Ric: 
[204-38.m206" Wl=ryeanOP.d,.yP seypa: 
> 
ye D6 Poesy C (an CP) v Pa.yt(anOP)u PW a.3,.(qz).zea.yCP% (1) 
> 
b,*211:56.>3+:Hp.ye DP. zeC’P—y.d.yC Pe (2) 
+.(2).Dt:Hp.yeD*Pe.yC(an CP) vu Piasy$ (an CP) yu Pia.d. 
> 
(q2z).zea.yCP% (3) 


F.(1).(3).3 

> 
Fi: Hp. 3:. Piseqp‘a = seq (s‘P)'Pa.sryean OP. d,.yP seqp'a: 
[%206:211.#14°21] =:E!seqp'a:: DF. Prop 


#212651. F:. PeSer.aCO'P.d: 


> = 7 > 
E! seqpfa. =. seq (s*P)§P ae P“OCP . =. El seq (PiPY Pa 
Dem. 


+ .421265 . Dt: Hp. d: Ef seqpfa. D seq (s*P)P'ae POOP @) 
b. #20617 .%210°15 .*2113.3 

> UF 
bi: Hp. 3s. seq(s‘P)'P a =e we Ces 

yeanOP, >; Py cPw. Bud Peas 
ye D*P.. ve Pw iP sib, D,.(qz)-zea. yO Peat weOP: 

[#204°33.4211:'3] Dzran OfP CPw: ryPw .Dy-(qz)- rea PyePa rweC'P: 
[4204'32} DianOPC Pw, Pew Cav Phaswe OP: 
[#206°171.%33-15] D : w= seqp‘a (2) 
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b. (2). #87°7 . #14204. 
=> 
Fs. Hp. 3: seq (s*P)' Pa e B“cep «2D. El seqp*a (3) 
F.(1).(3).#20662.3+. Prop 
> 
212-652, +: PeSer.aC C'P.E! maxp‘a. El seq (s‘P)Pia.3. 


> 
seq (s‘P)§ Pa = au Pq 
Dem. 


> > 
+. #2126601 . #206-46.5+:Hp.>.seq(s‘P)‘ Pi'a=seq(s‘P)i‘P*maxp‘a (1) 
+. #20617 . #21015 .*211:3.3 
> 
FirHp.3:.8=seq (s‘P)u'P'maxp'a. =: 
> > 
BeD‘P.. Pémaxp'aC 8. Pimaxp‘atf: 
> 
ye D'PesyC Biyt8-DyeyC Pimaxpa: 
> 
[¥201'55.*2101] 3: Be D6Pe.q! B— Pi (Pimaxp'a v u'maxp'a): 
> 
yeD'Pe-yC Bu. y$8-,.y C Pimaxp'a: 
> 
[#21156] 3:BeD‘P.. Pomaxp'a v u'maxp'aC Pe: 
ay 
yeDoPeryCBiy+ Bs DyryC Pimaxp'a: 
> > = 
[#2113] D:BeD*P,. Pimaxp‘a v t‘maxp'aC 8: ve8.D,. P'2C Pomaxp'a: 
> > 
[#40°5] 3: Re D‘P.. Pomaxp'a v emaxp'aC 8. PBC Pomaxp'a: 
> 
[#202°56] D:8eD*P.. Pomaxp'a v t‘maxp'a= 8: : 
[#205'131-22] 3: @=au Pa (2) 
F.(1).(2).9F. Prop . 
ay 
#212653. +:.P eSer. E! maxp’a.aCC'P.9: B! seqpa. =. E!seq(s‘P)' Pa 
Dem. 


> 

F.*212652. Dr: Hp. El seq (sfPY Pa. d.au Pace DSP. (1) 

F. #205191. 3t:Hp.d.E! maxp(avu Pa) (2) 

F.(1).(2).#211:31.5+: Hp(1).3. Ef seqp'(av Pfa). 

[#20625] D.E!seqpfa (3) 
— 

F. #21265. DF: Hp. E!seqp'a. >. E! seq (s*P)§ Pa (4) 


b.(3).(4). 3. Prop 
¥212'66, +: Pe trans a connex . «CDP. E! max (s*P)'x. 3.0 Elmaxp's% 


Dein. 
b. #2101. #212°23.5 


bie Hp. 2: Bew.2p.(dy)-vexe-BCy-aty—B? 
[{*201°5] D:Bex.vEeB.Den- (Ty) yen Aly—-P&e—le: 
e 
[#202101] Divxes'e.D,-(Gy)-yex-qlya Pa, 
[*37-46] Dz. ve PM ser, D+. Prop 


R&WIT 41 


642 SERIES [PART V 


= 
4212-661. |: PeSer.«C D°P,. E!lt(s§P)%«.D.1t(s*P)« =1lt(s‘P)' PMs" = she 
Dem. 


b.#212°402. Dt:Hp.d.lt(s*P)e= 5% (1) 
F.%212-402. OD:Hp.d.limax (s°P) Pe's'e = Pi se 
[%212°66] =8'« (2) 
F. *#212-601°66. +: Hp.>.~+E! max (PBs (8) 
F.(2).(3). Dt:Hp.d.|t (s°P)'Pe'stx = se (4) 
F.(1).(4). 55. Prop 


4212-662, |: PeSer.«CD‘Pe. Et lt(s‘P)fe ed. 
(qd) XC PHOP 1b (Pye =1t (s*PYn 
[4212-661] 
4212-663, t: Pe Ser.2eC'P. Pine D'lt(5P).D. 
> 


22> > 
Pg =1t (6§P) PY“ Pa. w= lip’ Pa 
Dem. 


= 
F.#212°661.3h: PeSer.2eC'P. Pe=lt(s'P)e.>. 
> => > 
Pie = sn « Plo =lt (s*P) PMs‘. 
=> 22> > 
[¥1312.491266] >. Pfe=lb(s¢P)P“ Pix wv EB! maxp'P'e. 
=> 27> => 
{*206:4] Dd. Pie =lt(s§P)P “Pia. 2 =ltp'P': D+. Prop 
> 
#212664, ti. PeSer.veC'P.dixeDitp.=. Pore Dt (s‘P) 
Dem. 
> > 
+. #212631 .3+: Hp.2=ltpfa. >. Pla =ltp\P\a qd) 
F.(1).%212668. 3+. Prop 


> 
#212°665. +: PeSer.q!P.aeD(P.Al).5.1t (SP) Pasa 
Dem. 
F.*2114.5+:Hp.>.sE! maxp‘a. 


[4212-601-44] >. lt(s*P)P“a = limax (5*P\} Pa 
[#212:402.%40°5] = Pq 
(*211-12] =a:Dt. Prop 
#212666, F: PeSer.q! P.D.D'lt(s‘P)=D(PeA D) 
Dem. 
b .421266°661. 3+: Hp. « CD*Pe. y=lt (s*P) ed. y=s'e ~~ E! maxpy. 
[211-6442] D.yeD(P.AD) (1) 
b.(1). #212665. F. Prop 


*212°667, bk: PeSer.>.D lt (s‘P)—eA=A‘sgm‘'P [*212°152'151-666] 
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#2127, +:Se Psmor Q.D. sect P = S.sect'Q « C's‘ Py = Se“ O's Qy 
Dem. 


F.#15111-181. DF:Hp.sCCQ.3.S*BCOP qQ) 
b 4872. DE QKBCR.D.S“QEBES*B (2) 
F.(2).#72503. Dt: Hp.BCCO|.QBCB.D.S*QS“SB CSB. 
[151-11] >. PHs“g C 8g (3) 
F.(1).(8).*2111.3F: Hp. Besect*Q.9.S“Besect*P (4) 
+ .(4).#151-1381. Dk: Hp. aesect'P.D. SaesectQ. 

[#72°502]} D. ae Se sect Q (5) 
b. (4). (5). DF: Hp. Dd. sect’P = S."sect*Q (6) 


F.(6).#21217172. 5+. Prop 


#212701. t: Se Psmor Q.D. D'Pe=SeD'Qe. C's‘ P = Se 0%S‘Q 
[Proof as in *212°7] 
#212702. +: Se PsmorQ.>. 
Di Pe AL) =8.D(Q. AD). Csgm*P = §.Csgm'Q 
[Proof as in *212°7] 
#21271. +: Se PsmorQ.>.S.fO%s‘Qy e (s<Py) SmOr ($“Qy) 
Dem. 
+. #71381. bi: Hp.d:.a, Besect*Q. I: q!8—a.=.qtS“B—Sa (1) 


b.(1).#2127.3+:.Hp.a, Besect§Q.D:a(s'Qy) 8. =. Sa (s*Py) SB. 

[150-41] =.a{Sei(sPy)} 8 (2) 
+. (2). #212172. Db: Hp. Dd. s'Qy €Se3(s*Py) (3) 
Similarly Fb: Hp.D.s*Py € Se3(s*Qu) (4) 
be a72451. Dh:Hp.d.SePO%s‘Qyel 1 (5) 


+. (8). (4). (5) #15127. DF. Prop 

¥212-711. +: Se Psmor Q.3. 8. PC%s‘Q e (s*P) smor (s‘Q) 
[Proof as in *212°71] 

#212712. +: Se Psmor M.D. 8. hC'sgm‘P e (sgm‘P) smor (sgm‘Q) 
[Proof as in *212-7]} 


#21272. +:PsmorQ.>.s‘Pysmor s‘Qy . sP smor sQ . sgm‘P smor sgm‘Q 
[*212°71-711-712] 
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#213. SECTIONAL RELATIONS 
Summary of #213. 


If ais a section of P, Pf a is called a sectional relation of P; and if a is 
a segment of P, Pa is called a segmental relation of P. If P,, is serial, 
sectional relations may be arranged in a series by the relation of inclusion 
(*213°153). That is, if we call the series of sectional relations Ps, we shall so 
define P; as to secure that if P,, is serial, 


QP;R.=-Q, Re Pt (sect*P—-u'A).QER.Q+R (*21321). 
The natural definition to take would be 
P,=P BD s‘Py : 
But this has the disadvantage that if #BP, 
Ph etw=PP A.A, twesect*P. 
Thus PLa=P[ 8 does not imply a=; and when P is serial, P[3s‘Py 
is not serial, because A(P[3s‘Py) A. In order to obviate this inconvenience, 
we confine ourselves to sections which are not null, putting 


P,=PU(Pyt (uA) Df 
With the above definition, we have (*213-151'152), if P,, ¢ Ser, 
(PPPs Pet -“A}el 1 
and Py, smor (s‘Px)} (— t*A). 


The relation P; is very useful in dealing with well-ordered series; in this . 
case, we have (as will be shown later) 


P,= PE PPE OP P. 
It will be seen that, ii P,,¢Ser, whenever P exists, P= BP, (#213°158); 
and whenever BP exists, A = B‘P, (#213'155). 
We have, if P,, ¢ Ser, 
QP,R.=. ReO'P,.QeD‘R, (#213-245), 
Hence ReC*P,.D. Pek =D‘R,. Ry = Ph CRs (#213'246°242). 


If P is serial, the sectional relations of P are all relations such that by 
adding something to them they become P, ie. they are 


O(qR).P=QRRB.v.(q2).P=Q-pa} (#213-4), 
Hence their relation-numbers are those that can be made equal to that 


of P by being added to. This fact is important in connection with the theory 
of greater and less among relation-numbers, 


The propositions of this number are rendered complicated by the necessity 
of taking account of the possibility of a section being a unit class, This 
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necessitates a good many propositions which are merely lemmas; but in the 
end the complications mostly disappear. 

We begin with propositions on the field, etc, of Ps. We have 
#213-141. F. DSPs = PE (sect*P — fA — UCP) 
#213-142. F: P,, GJ... O°P; = PP (sect*P — ufA) 
#21316. |. DSP. = Ph (sect*P — fA) — uP 
#213-161. : PG J. LBP >. PD sect*“P = Ph (sect"P — i“A) = CP, 
#213-162. F: Pio ¢Ser..0'Ps= PP sect(P — uA 

We then prove: 
#21817. +3 PioeSer..Nr‘s(Py=1+Nr'Py. 

Nr‘(5‘Py) 0 (A's*Py) = NrePs 

If P is finite, it follows from the above that s‘Py is not similar to P;; 

but if P is infinite and has a beginning and is well-ordered, we find 
Nr‘s*Py, = Nr‘Ps. 

#213172. F: P,,, Qro¢ Ser. Psmor Q. >. Ps smor Qs 


We then have a set of propositions (*213'2—251) chiefly concerned with 
the sections of R, where ReC*Ps;. Besides those already mentioned, the 
following are important: 


#21324. +:fesect(P.R= PP B.D. sect(R=sect“P a COR 
#213243, b. PP =D*P, 
#213-25. +:.P,.¢Ser.Q,ReC'P,.3:QeD‘R,.v. Re DQs.v.QHR 

Our next set («213-3—32) is concerned with A anda|y. We have 
#2133, b:P=A.D.P;=A 
#21332, $:Pe2..2. PA] P.Pre% 

We then have three propositions (*213'4'41:42) showing that a sectional 
relation of P is one which becomes P by being added to. We proceed to 
a set of propositions (*213'5—'58) on (P 42); and (P#Q)s, leading to 
#21357. +: P,GJ.NrQ=NrP+i.d.NrQ:=NrPsti 
#21358. +: P,,GJ.Q,.¢Ser-OPaCQ=A.). 

Nr(P4£Q):= Nr‘Ps+Nr‘Qs 


#21301. P,=PDi(s‘Py)[(—etA) Df 
4213-1. +:iOPsR.=. 
(qa, B).4 Besect(P—UA.qiB—a.Q=Pla.R=PEB 
[4212-12-11 . (#213-01)] 
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#21311. fs. P,,¢connex.3:QP,R.=.- 
(qa, 8).a, Besect(P—tA.aC B.at8.Q=Pla.R=PEB 
[#218°1 . #211617 . #210°1] 
#21812, +. D(s*Py)f (— uA) = sect! P— tA — CP 


Dem. 
f. #21212. Db sae D(s‘Py)f (— cA). =. (GB). Resect’P. qi B-—a.azA. 
[212°12] z.atA.aeD‘s'Py. 
[212171] =. aesect(P—tA—UC'P: D+. Prop 


4218121, ts P,,eSer. >. B(s‘Py)f (— tA) =sect!P a 1 =u BP 
Dem. 


= 
b. #21212. x213-12. bs. Be BYs'Py ft (— A). =! 

Besect’P —u'A~—iOPraesect"P.qiB—-a.d..a=A (1) 
F.#211-3°13'1 . #38718. 


> > > 
b:Besect'P.reB.d.Py‘wesect'P. PyaC RB. qh Pyke (2) 
> 
+. (1). Transp. (2).2b 2. Be B(s‘Py)[(—UA). D2 
a 
Besect(P —~UA-UO°P i068. Dy. Py'e=8 (3) 
> 
+. #200391 .Dh:.Hp. Besect“P—u'AiveB. De. Py'e=B.d: 
Besect’P — Aza, yeRB.Dgy.t=y! 


[#5216] 3: Besect*‘Pal (4) 
> 

f.(8).(4). Dh: Hp.d.B(s*Py)p (— fA) Csect*‘Pal (5) 

F. #21312. *20012.3+:Hp.>.sect‘Pa 1 CD(s'Py)f (— uA) (6) 

F.%51:401 . Dk: Besect*fPaA1l.D:aCB.atfB.d.4a=A (7) 

b. (7). 21222121. Dt: Hp.d.sect(PalC—A(s'Py)f (—eSA) (8) 


b. (5). (6) .(8). #21118. D4. Prop 


#213122, +: P,,eSer.q! BP. >. B(s*P)t (— vA) = BP 

[4213-121 . 4211-181} 
> > 

4218123. |: P,,eSer. BSP = A.D. Bs‘P)E (uA) =A 
[42135121] 

4213-124. b:. P,oeSer. Ds E! B(s‘P)P (—u'A).=. EY BP 
[4213°122-193] 

#213125, bP, CT. .O%s'Py- Ave 


Dem. 
b.x21217. Db: PHALD.O%'Py aA. 
[#5221] D.C%s'Py— Ut Anvel () 
b. #212172, Db qi P.d. Os’ Py =sect'P. OP eC%s'Py — UA (2) 
b .*21113'3.*200'39.>+:Hp.aeD‘P.>. Pye esect(P.q! OP Pyle (3) 
+.(2).(8). Dt: Hp. gq! P.D.C%s'Py —tArvel (4) 


F.(1).(4). 4+. Prop 
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The hypothesis P,, GJ, in the above proposition, restricts P more than 
is necessary for the truth of the conclusion, What we really require is 
PaA.v.(qo).weOP. Pytt OP, ie. PyOP + OP. This holds if 
either (1) the field of P does not consist of a single family, or (2) there is 
a member of C‘P which does not have the relation P,, to itself. Thus the 
only case excluded is that of a single cyclic family. The hypothesis 
Py OP £ 0OP may be substituted for P,, €J in most of the subsequent 
propositions of this number in which P,, € J occurs in the hypothesis. We 
have, however, preferred the hypothesis P,, G J, as it gives a more immediate 
application to the case of Pe Ser, which is the case in which the propositions 
of the present number are important. 


#213126. : P,, GJ .qtP.d.qtsect*P— iA —uOCP 
Dem. 
b .#213°125 . #212172. Db: Hp. dD. sect*P —u'Avel QQ) 
b 211-26 . 83°24. Db: Hp.d.O'Pesect’P— A (2) 
b.(1)+(2). #52181. DF. Prop 
#21313. +: P,,GJ.3.0%s*Py) [ (— ef A) = sect’ P — 6A 
Dem. 
b.*213'125.3 
bi: Hp. Di.aesect(P — A.D: (G8): Besect"P—tArgla—B.v.ql Bat 
[421212] Dz (q@)ra((sPy) P(A) B-v- BU(s*Px) E(—UA)} a 
[#83132] D:iaeC(sPy) [(—e'A) qd) 
F.(1).%212172. Dh:Hp.q!P.3.C“(sPy)[ (—ef'A)=sect‘P— fA (2) 
b #21217 e211 Db: P=A.D. OXs'Py) EP (— tA) =sect"P—A (8) 
F.(2).(8). D4. Prop 
= 
¥213-131. +: P,,¢Ser. >. As‘ Py) E (— eA) = sect*P — 6A — BOP 
[#213°13-121] 
#213132. |: P,, Ser. q!BP.>. A(s'Py) C (eA) = sect§P — A — tS BP 
[4213°13°122] 
= 
#213133. F: P,,eSer. BoP=A.3.1s‘Py) [ (- eA) =sect’P — fA 
[#213'13'123] 
4218-134. b:P,. GJ. q1P.D. BCnv(s‘Py) [(— fA) =OCP [42181213] 
4213-14. +. DSPs= PE “D(s*Py) f(— uA). OP, =P EUs! Py) [ (-UfA)» 
CP, = PE C4 SP y) [ (U's) 
[#150-21-211:22] 
#213141. +. D‘P,= Pf “(sect(P —1'A — OP) 
[#2131214] 
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4213142. b: P,, GJ. . OP, = PL (sect*P — uA) 
[213-1314] 
4213143, t: P,,eSer.>.C'P, = Pt “(sect’P — uA — BP) 
[x213°131-14] 
= 
#213-144. t: Pe Ser.q!B°P.3.0°P, =P f “(sect*P — fA — eu BYP) 
[¥213°132°14] 
= 
4213-145, b: P,,eSer. BP =A.>.0'P, = PE(sect!P — tA) 
[#213-143] 
#*213-146. t: PE J.D. PE “sect*P = Pf“ (sect‘P — 1) 
Dem. 
+. «8722. DE. Pf sect*P = PP (sect*P —1) v P[(sect*P n 1) ql) 
F,#200°35 Db: Qe Pf “(seci(Pal).d.Q=A. 


[%36°27] >.Q=PDA. 
[211-44] 2.Qe PE “(sect*P—1) (2) 
+ .(1).(2). Df. Prop 


#21315. +:.P,,¢Ser.aesect‘P—UA.D:Pha=A.=.ael 

Dem. 
fb. #20035. Dt: Hp.ael.D.Pha=A @ 
b.#5241. Dhi.Hp.avel.D:(qa,y).ayea.e+y: 


[%211°1.%202°103] D:(qa,y)ia (Prof ayy. Vvey (Poof a)at 
[11-7] Digi Ppa: 

[*37°41] DigqtanP,,“a: 

(%211131] DIigqlan Pa: 

[37°41] Dig! Poa (2) 


F.(1).(2). 3+. Prop 
#213151. +: Pe Ser.3.(PE)f (sect*P —u'A)el ol 


Dem. 
b.*213:15.> 
+: Hp.aesect(P -tA-—1. Besect'P—UA.Pla=PPB.3.B~el. 
[211133] >.CPLB=8.0Pfa=a. 
[Hp] D.a=f (1) 
b. 21315. 
+: Hp.aesect(Pal.Besect‘P—uA.Pla=P[R.3.8e1 (2) 
b.(2).421118. +: Hp(2).D.0, Be BP. 
[20252313] D.a=B (3) 
F.(1)-(3). D's. Hp.D:a, Besect‘P—A.Pla=PPB.3.a=8:. 


3+. Prop 
#213152. F : P,,eSer. >. Ps smor (s‘Py)0(— eA) [21815113] 
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#213153, F: P,,eSer.>.PseSer [#213152 . *212'3 . 2044-21) 

> > 
*213-154. F: P,.eSer. >. BYP, = PU BeP [#213°151-121 . #1515] 


4213-155. t: P,, eSer.q!BP.>.BIP,=A 


Dem. 
F.218:151-122.4151:5.3+:Hp.>. BOP. = PEP) 
[*200°35] =A:D+. Prop 


> > 
4213156. +: P,,eSer. BP =A.>.BP,=A [#213154] 
#218:157. F:.P,,eSer.D:E!B‘P.=.E! BP, [#213'155°156] 
4218-158, t: Pye Ser.q!P.>. BP,=P 
Dem. 
+ .#213°151134. #1515. Db: Hp. >. BYP, = PLOP: D+. Prop 
4213-16. + .D°P, = PE (sect*P — A) uP 


Dem. 
F .*213141.5 
b:QeD°P;.=. (qa). aesect‘P—iA.Q=Pha.at OP (1) 
b.*2111.3b:. aesect(P.Q=Pha.Diat('P.=.q!0'P—a. 
(%36°25. Transp] =.Q+P (2) 
F.(1)-(2). DF: QeD°P,.=. (qa). aesect‘P—vA.Q=Pha.Q+P: 


DF. Prop 
> 
4213-161. F: Po. EJ. qi BP.D. PP “sect(P = Pt “(sect"P — uA) =C'Ps 
Dem. 
> > 
F.#21118.5t:Hp.>.c* BP Csect‘Pal. gti‘ BP. 


[#37-2-45] >. PL BP CPE (scot®P — fA). gL PLB. 
[#200°35] D>. Ae Pi (sect*P — 1A). 
[36-27] >. PLA Ph(sect*P — tA). 
[#3722] >. PD sect*P = Pf“(sect*P — iA) 
[#213°142] =CP.: D+. Prop 
#218162. : P,,eSer.>.O'P, = Pi sect’P — uA 
Dem. 
b.#213:143.3h:.Hp.3:QeU‘°P,.=. 
(qa). aesect!P — A — i BP, Q=Pta. (1) 
[#2131 5.421118] >. Qe PE“ sect*P ~ ofA (2) 


b.421815. DE: Hp. d:Qe Pi sect\P—eA.D. 
= 
(qa) «aesect(‘P— UA —U“ BSP .Q=Pla. 
{Q)] D.QeAPs (8) 
b. (2). (8). 34. Prop 
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4213163. |: P,,eSer. BP =A... 0°P, = Ph sect! — vA 


Dem. 


+.¥213'156.3+:Hp.d.C°P =C'P, 


F. (1). #213'162. 3+. Prop 


4213164. t: P,,eSer. BP =A... D‘P, = Pf sect(P — fA — uP 


(%213-142°163°'16] 


#21317. b:P,,eSer.>. Nr‘s‘Py=1+NrP,, 
Nr‘(s‘Py)t (U's‘Py) = NP, 


Dem. 


b.e212171272.  DkiylP.d. BS PyHA. U'o'Py =sect(P— UA. 


b 

b .*212'3.. #91602. F: 

b.(1). #213152. Dk: Hp. gq! P.d.Nr(s(Py) h(A's‘Py) = Nv“P, 
Fk 


« (1) « (2) « (3) #20446. D 
bi: Hp.q!P.3.NrésPy =14+Nr(s‘Py)P (A's‘Py) 
={14+Nr°P, 
b #21217 2415042. 3b: PHA.D.9Py=A. PA. 

[#161201] >. Nrés*Py= i+ Ne‘P, . Nr“(s‘Py)p (U's‘Py) = NrP; 
F. (4). (8)«(6) «>. Prop 


(4) 


(s‘Px)E (eA) = (8 Px) 0 (As Px) 
.(1). #213125. Db: Hp.G!P.d.C's‘Pywel 


Hp. ).s‘Py¢connex 


#213171, Fs. P,., Qp.¢Ser. 9: Pssmor Qs. =. s‘Pysmor $'Qy 


Dem. 


b. #212172. 3+: Hp. gi P.q!Q.3:E! BoP, E! BsQy: 


[x213-17] 
+ .#218'158. 


b.%21217. 


F. 21217. 
[*150-42] 

b.#213:17. 
F.(5).(6). 
b.(4).(7). 


[204-47 .%91°602.42129°3] 
2: 9'Pysmor sQy. 


(PaRT V 


(1) 


(1) 
(2) 
(3) 
(4) 


(5) 


(8) 


+ (8*Py)f (A's*Py) smor (5“Qy) f (AS*Qy) « 


. Pssmor Qs 


Dt: Hp.q!P.PssmorQs.3-q1Qs- 
.4!Q 
DE: Hp.q!P.s'Pysmor sQy. Dd. q!Q 


[%212-17.%150-42] 


F.(1).(2).(8). DF:. Hp. gq! P.3:9°Pysmors‘Qy. =. Ps smor Qs 


q) 


(2) 
(3) 
(4) 


DF: Hp. P=A.5‘PysmorsQy.D.s'Py=A.s'QyaA. 


D.Ps=A.Q=A 


D:Hp. Pssmor Q;.D.5‘P» smor s“Qy 
Dh: Hp. P=A.3:5‘Pysmors‘Qy.=. Pssmor Qs 


DF. Prop 


(5) 
(8) 
(7) 


#213172, F: P,,, Q,.¢Ser»PsmorQ.>.PssmorQs [*212°72.*213-171] 
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e 
#21318. |: Peconnex. ReD‘P;.3.q!1C'Pn pi POOR 

Dem. 
F.#2131.3b:ReD‘P;.3. (qa). aesect(P—uCP.R=Pla. 


[37°44] D.(qa)-aesect*P—UOP.ORCa. 

& 
[#4016] >. (qa). we seettP — OP . p'Pitac p'PKOR (1) 
F.*211-708.3: Hp.aesect*P — CP. 3. piPMa (2) 
F.a21D1. Dkiaesect(P—UC'P.D.q1CP—a. 
[%33°24] D.qiP (3) 


<= 
F,(2).(3).*4069. DF: Hp. aesect(P- OCP. 3. G1 OP np P\a (4) 
F.(1).(4).3 
<- <— — 
t:Hp.ReD‘P,.3.(qa). gq! CP n pi Pa. piPial pi PMCR: DF. Prop 
#2132. +:.P,,¢Ser.a,@esect"P—UA.Q=Pla.R=P[B.9: 
qiP-a.s.q!R+Q.=.QER.Q+¢R.=.aC8.at+8 


Dem. 

b.&3624. Dk:aCB.D.PLaGPLB (1) 
F.*211-138. Dt: Hp.aBrel.PfaE€PhB.d.aCB (2) 
F.#211:181-182.>:Hp.ael.d.a=uBP. 

[*202°521] >.acB (3) 
b.x21315. Dk:Hp.Gel.avel.d.~(PLaG PES) (4) 
F.(2).(3).(4). DE: Hp.PfLaGPTB.5.aCB (5) 
F. (1). (5). Dh. Hp.diaCB.=.QER: (6) 
[Transp] DI:iqla-@.s.q!Q+R (7) 
F. (6). #213152. 

bin Hp. d:aCB.atP8.=.QER.QHR (8) 


F. (7) (8). 210-1 . #211562... Prop 


-Q Re Ph M(sect"P —uA). yt R + Q. 
-QRe PE (sect\P — uA). QER.QER 


#21321. 1: P,,¢Ser.3:QP;R. 


oi 


Dem. 
b. #21312. 9h: Hp.3: 
QP.R.=.(qa,8).a,Resect'P-vA.Q=Pha.R=Pip.q!R+Q- 
=.(qa,8).4,Ahesect(P-cA.Q=Pha. R=PLB.QER.Q+R (1) 
b.(1).437°6. 4. Prop 


4213-22, [:.P,,eSer.q! BYP .D: 


QOP.R.=.Q, Re Ph sectP. qt R+Q.=.Q,ReP[sect*P.QER.Qeh 
[#213-21-161] 


#213'23, |: P,,¢connex.Q,ReC’Ps.:QGR.v.REQ 
(#213-1 . 211-617 . *36°24] 
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#21324. b:Besect*P.R= Pl B.D. sect*R =sect‘P n CCR 
Dem. 


F.*36°29.5t:.Hp.3: REP: (1) 

[211-1] Diaesect’PaClhOR.D.a COR. Raa. 
D.aesect'R (2) 

F.(1).#2111.3 

Fs. Hp. Diaesect(R.D.aCCR.a CCP. (PLB) “ala (3) 


b, (8).#87°41°413.) 
-t:Hp.aesectR.D.aCB.8nP“(ang)Ca. 
[#22-621.4372] 3.8 a PaCa. Pal Pp, 


(*211-1] D.BaPaCa. Paces. 
[#22'621] Dd. Péaa (4 
F.(3).(4). DF:. Hp. Diaesect*R.D.aCCR.aesect(P (5) 


F.(2).(5). +. Prop 
4213-241, b: Re Pi sect‘P.. Rs G P.LCR, 


Dem. 
#2131.) 
Fr Hp.3:QR.Q’.2. (qa, a).a,a esect"R—iA. 
Q=Rkfa.Q’'=Rfa .qia—a. 
[%213-24] = .(qa,@’).a,a' esect*P n CICR—U'A. 
Q=Rla.QV=Kfd .qid—a. 
[4213-1] >. QP.Q Q) 


F.(1).#3817.3h:Hp.>. Rs G PslORs: D+. Prop 
#213242. +: P,,eSer. Re PP “sect"P. >. Rs= PsP ORs 
Dem. 
b. #2131. 42111. Db. Q(PLOR) QD: 
(qo,0').a, a’ esect(P—UA.Q=Pla.Q@=Pla.qta’—a: 


(Ay 7)» yy esect’R—UA.Q= Roy. Q'=Rfy’ qd) 
b. 213:'24151. 3 
ti. Hp.Draesect*’P.yesect'R.Q=Phla=R[y.3d.a=y¥ (2) 


.(1)-(2). DF. Hp. 3: Q(P.LORs) Q. >. 
(ay) «7 esect*R—UA.Q=R>y. QV =RDy' «gly -9- 

(*213-1] >. QR.Q’ (3) 

+. (8).%213-241 D5. Prop 

4213-243, b. PSP =D*P, 

Dem. 

b.x2131. DF: Re P&P -=.(qa,8).4, Besect*P—UA. 
R=Pla.P=PLB.q!@—-a (1) 

+ .#87-41. DF. O(PE A) CB (2) 
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F.(2). DEiqi@'P-B8.3.q!0P- O(PEB). 

[#1314] >.P+Pte (3) 
F.(3). Transp. DF: Besect(P.P=P[B.3.0°P=8 (4) 


F.(1).(4). Dkr Re PeP. » (qa). aesect"P —UA.R=Pla.q!C'P~a. 


[*211-1] =.(qa).aesect(P-UA-UC'P.R= Pha, 
[*213'141] =.ReD‘Ps: D+. Prop 
4213-244 Fb: Re OCP;.QeD‘R;,.3.QP5R 

Dem. 
b.#213'243. Ds ReOP;,.3:QeD‘R,.d.QR KR. 
[%213°241] 2.QP;:R:3+. Prop 
#213'245. Fs. P,,eSer. 3: QP,R.=.ReCOP,.QeD‘Rs 

Dem. 


F,*213-11.3h:.Hp.>: 
QP;R.= .(qa, 8). a, Besect*P—-UA.Q=Pla.R=P[B.aCB.atZ. 
[#213-24] =. (qa, 8). Besect'P-cA.R=PHB.aesect‘R-i'A. 


aCB.at@.Q=Pla. 
(#213°142.#211-133,436°21 | 


=.(qa). Re CP,.aesect*R-UvA.aCOR.c+CR.Q=Rfa. 
[#213141] =. Re CP,.QeD‘Rs:. DE. Prop 


> 

4213-246. f: P,,eSer. ReC*P,.3.PfR=D‘R, [¥213-245] 

4213-947, bi. P,,e Ser. 3: Q(PsED‘P,) R.=. Re D‘Ps. QeD‘R, 
[219-245] 


#21325. f:.P,,eSer.Q,ReC'Ps.3:QeD‘R,.v.ReDQ.v.QaR 
Dem. 
f.#213:153. 3+: Hp.d:QP;R.v.RPQ.v.Q=Rh: 


[*213'245] 3:QeD‘R,.v.ReDQs.v.Q=R:. DF. Prop 
#213-251, + :. P,,eSer.Q, Re O'P,.~(Q=A.R=A).9: 
Qe OR .v. REDO: 
Dem. 
b.*213158. Dt: Hp.qik.Q=R.9.QeCR: (1) 
b.(1).#1812.3+: Hp. q!Q.Q=R.3.Qe OR, (2) 
F.(1).(2). DF: Hp.Q=Rh.D.QeCR, (3) 
F.(3).*213-25. 34+. Prop 
#2133. &:P=A.3.Ps=A 
Dem. 


b.¥21217.3b:Hp.d.s'Py=A. 
[150-42] >.Ps=A:D+. Prop 
#213301. Fg tsect*P—eA—cOP.D.4!P, [#213141] 
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#213302. :. PG J. D:q!P.=. qt Ps 
Dem. 
F.*213-126301. >: Hp.qiP.d.q!P; (1) 
F.(1). #2133. 3+. Prop 


#21331. Fiaty.d.(elys=Al (ely) 

Dem. 
F.#211-9.3 
t:Hp.D.sect(a fy) — fA Site v (ee vty) BL (Ue vey) — Ue. 
[#2181141] De fel ylual(el ys (el ylu@rviy)}. 

Dial ys=ua hype. 

[*20035.45515]2.A(@}y)s(@)y). Die] ys=uA qd) 
F .#218°153 .204°25.Db:Hp.d. (a) y);¢Ser (2) 
b. (1). (2). 20427. . Prop 


491332, +:Pe2,.D.P,=-A JP. Pre [#21331] 


#2134 +:PeSer.d. 
D Ph sect(P=Q {(qk).P=Q4 R.v.(qz).P=Qpa} 
jem. 
b . #21182. *5°32.9 
Fr Hp.3:.QeP[sect"P.=: 
QeDPEi(qk).P=QER.v.(qz).P=Qpe (1) 


b . «211/283 .%1605.3+:Hp.P=Q4R.D.QeD‘PP (2) 

be xl6111. 3+: Hp.P=Q-p2.3.Q=PLOP (3) 

F.(2).(8). DE: Hp:(qk).P=Q# R.v.(qz).P=Q-pe:rd. 
QeD'PE (4) 


F.(1).(4). 34. Prop 


4213-41, +: PeSer.q!BiP.>. 
OP, =O ((qR).P=Q4R.v.(qz)sP=Q+>0} [#2134161] 


«213-42. |: PeSer. P= A.D. 
CP,=Q ((qR).P=Q 4 R.v.(qz).-P=Qpa}—uA [*213-4-163] 
«2135. bP, EJ. ave C'P.9.D(P a) = CPs 
Dem. 


b . #213141 . *211°83 .3 
brHp.qiP.>.D(P p2),=(P pa) (sect*P— iA) 


[36°4.%16151] = Pf (sect(P — fA) 
[4213142] = CP, (1) 
b.*213-3.*1612.3F:P=A.>.D(P2)=A.CPR HAN (2) 


F.(1).(2). DF. Prop 
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#21351. b: PCJ .areCP.3.(P + 2):=Ps->(P 2) 
Dem. 
F .#213-1.#211°83.3h:: Hp. q!P.3:.Q(P2)R.=: 
(aa, 8). 4, B esect*P —t°A Vi(O'P vu tte). 
q!8—a.Q=(P-pa)ba.R=(P+a)f A. 
[#211°1.*36-4] =: (qa, 8).a,8 esect*P—A.q!8—-a.Q=Pla.R=PEB.v. 
(qa). aesect*‘P~t'A.Q=Pfa.R=P+a: 
(4213-'1-142] :QP;R.v.QeCP,.R=P pa: 
[fxl6111] =: Q{P, (Ppa) R () 
+. #2133.41612.Dh:P=A.3.(P-2)=A.P,p(PpaaA (2) 
F.(1).(2).3+. Prop 


#213'52. +:.Q,,econnex.C’PaC'Q=A.D: 
(G8). Ba C’Q~wel. Be(OP v)(sect*Q— iA). S=(PAOEB. =. 
(ay). yesect"Q—-“A-1.8S=PLOy 
Dem. 
b.«87°6. 3b: Be (COP v)“(sect*Y— A). S=(PHO) B.=.- 
(ay) «yesect*Q— tA. 8=CPuy.S=(PAQLCP v7) (1) 
F.#L6011. Di: Hp. yesect*Q.3:.2{(PEQE (CP uy) y.=: 
ePy.viteOP.yey Vi. al(Qlyyt 
[4#211-°133.4160°11] D:.yrel.D.(PEQ PE (CPuy)=PEOL y (2) 
+. #2424. 3b: Hp.@=CPuy.d.BaCQ=yn CQ (3) 
F.(1).(2).(3).3 
bt. Hp. 3:8 n0Qrel.Be(OP u)(sect*Q — fA). S=(PLOE B=. 
(qy)-yesectQ—-—vA-1.S=PLOPy.B=CPvuy (4) 
F.(4). 410-281. #1319. +. Prop 


#213538. £:P,,GJ. Que Ser. BQ=A OPaACQ=A.2. 
(PRO: = PA(P45Qs) 
Dem. 


F. #2131 . #211841. 5h:: Hp.3:. R(PHQ)S.=: 
(qa, B).a, Besect*P —i' A vu (CFP v)(sect*Q—tfA). 
a!B-a.R=(PAQLa.S=(PAOER: 
[#211182] =: (qa, 8) .a,8 esect*P — fA v (C{P v)“(sect*Q— 1A). 
a!8—a. R=(PROLa.S=(PHLOLA: 
[x160°L.213°52] 


=:(qa, B).a,Besect*‘P—iUA.q!B—-a.R=Pla.S=P[Ef.v. 
(Wa, y)-aesect*P—t'A.yesect*Q—-UA.R=Pha.S=PHOfy.v. 
(ay, 8). 7, desect*Q-A.gld—-y. R=PHOy.S=PAQES: 
(#213:1:142]=: RPS.v.ReC*Ps.SeOPHIQ, .v. R(P4£5Q;) S: 
[K16011] =: R{P;*4(P4£5Q,)} Siz DF. Prop 
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4213-681. f::Q,,¢Ser.q! BQ. OPaCQaA.d: 
(qB). Be (C&P v)“(sect*Q — fA). S=(PHQ)B-=: 
S= P + BQ.v.(qy).yesect*Q-uA— tu BQ.S=PLOQ[y 
Dem. 
b.#213'52.3 
bi: Hp.3:.(q8). Be (CP v)(sect*Q —t'A). S=(PEQEB.=: 
(qB).B e(OP v)“(sect*Qn1).S=(P£EQB.v- 
(ay). yesect*Q—uA-1.S=PHQfy: 
[e211-181] =:(q8). B= OP VUEBQ.S=(PLOEB.v. 
(Gy) «yy esectQ ~ 0A — Uk BQ. S= PAQLY (1) 
#16011. Dts Hp.di0 (PAQL(CP uv BQ) ys: 
ePy.v.ceOP.y=BQ: 
[#161-11] s:a(PpBQ)y (2) 
F.(1).(2). 35. Prop 


«213-54. bigiP. PCJ. Qo e Ser. BQ. OP a O'Q=A.0Q,~e1.9. 
(PEQ)s = Ps (P 49 BQ) FIP 45 (Qs0 1°0s)} 
Dem. 
F.#213'1 .#211-841.3+:: Hp.3:.R(P#Q),S.=: 
(qa, B).a, Besect*P — fA v (OP uv) “(sect*Q — fA). qi B—a. 
R=(PEQO[a-S=(PHQIB: 
[*213°531] 
=:(qa,f).a,Besect(P—ivA.q!@—-a.R=Pla.Q=PUp.v. 
(qa). aesect*P-UA.R=Pla.S=PHBQ.v. 
(4%, y).aesect*P— tA. R= Pla. Besect*Q—A— cut BQ. 
S=PRQ[y.-v. 
(Ay) R= P+ BQ. Besect(Q—uA—hBQ.S=PROQy.v. 
(ay, 8). 7, desect*Q — tA — 1 BQ.q@!i-y. R=PLQPYy. 


S=PhOPS: 
[219°1-142-132] 


=:RPS.v.ReOP;.8S=PpBQ.v.R=P » BQ.Se PR AQ;. 
v-RSe(PEOAQ,.R(PRIQS.v. Re OP, . Se PHO: 

(#16 1-1 1.*211-133.4160°11] 

=a: R(P. (Pp BQA(PAQLAQ:)} Si: Db. Prop 
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ay 
#213°541, F: P,,eSer.q! BP. C'P,e1.>.Pe2, 


Dem. 
F #213144. #211:26.9+:. Hp. 3: PE (sect*P — fA ~— eet BSP) = uP: 
> 

[*211°3:'13] DiaeAMP.D.PUPya=P. 
> 

[*202°55] 2. Pyfa= OP. 
_ 

[#200-39] D. Py fw=A. 

[*202°522°523] D.c= BP: 

[#204271] 3: Pi € 2,2 

[#56-111.%91'504] 3: Pe2,:. D+. Prop 


#21355. big! P.P,CJ.Qe2,.C°PanOQ=A.). 


P )s = Ps P Be P 
Dem. As in *213°54, ae PEA FO 


bi: Hp.d:. R(PLOQsS. 
=:RP.S.v.ReCP,.S=P-pBQ.v. ReCP;.SePHAQ,. 
v. R=PHBQ.SePA“AQ;.v. B,SePROAQ,. 
R(P45Q)S: 
[x21332]=: RP,S.v.ReO'P,.S=P + BQ.v.ReCP,.8S=PRQ. 
v.R=P-pBQ.8=PHQ.v.R=PHQ.S=PRQ. 
R(P45Q,) 8: 
[*21332] =: RP,S.v. Re OP, .S=P- BQ.v. Re CP,.S=PLQ. 
v.R=PBQ.S=PROQ: 
[x16L-11] =: R{Ps > (P +> BQ) > (P£Q)} Si: D+. Prop 
#21356. ft Py GF Quo e Ser. OP a OQ = A.D: 
BQ=A.2. (PFO = PF PFO): 
alP.qiBQ.Q~re2%.>. 

(PEQ)s = Ps to (P 4 BQ) FP £I(QsPA°Qs)} : 
AIP.Qe2,.3.(PEQs = Ps (P BQ) (PHQ: 
P=A.3.(P£Qs=Qs [4213535454155 . #1 60-22] 

#213561. b: OSP nC'Q=HA.D.(PLEO@rel 1 


Dem. 
b.#2131.3b: ReO@Qs.3.6RCCQ (1) 
Ff. (1). Db: Hp. B, Se Cs. d:OPaCR=A.CPaCS=A: 
[*160°52] I: PER=PES.D.R=S8:. 3+. Prop 


#21357. b: Pp GU. Nr'Q=Nr*'P4+1.3.Nr‘Q;=Nr°P. +i 
Dem. 
F. #1812712. («181:01).3 
b:Hp.3.(qR,2).RsmorP.t~eOR.Q=Rc. 
[#21351] D.(qR,2).Rsmor P. tre COR. Q,= Ri (R42). 
[418132] D.(qR). Rsmor P.NrQ,=Nr‘R, 41. 
[¥213°'172]D . Nr‘Q, =Nr‘P;+1:3+. Prop 
R&W IT 42 
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4213-58. |: P,,GJ.Q,,eSer.O*Pn OQ=A.9.Nr(P£Q).=Nr'P, + NrQ, 

Dem. 
F. #2153561. > 

> 

t:Hp. BQ=A.D.(PAQ)s= Ps #(P45Q,). Nr‘P 459; = NrQs. 
[¥180°32] >. Nr( PQ), = Nr‘P, + Neg: ql) 
+. #213°54°561 . #18132 .D 
t:Hp.q!P. qi BQ.AQsvel.>.Nr(P£Q)s=NriPs +1 +NrQ,t1Q; 
[#204-46.4218°157] =Nr‘P,4+Nr‘Qs (2) 
b . 4213-54155 . «18132. > 
tiHp.q!P.dQ.e1.3.Qe2,.Nr(P£Q),=Nr'P, ¢i¢i. 


[#18156] D.Qe2,.Nr(P4Q); =Nr'P, +2,. 
[21332] D>. Nr(P2Q); =Nr'P, + NrQ, (3) 
f+ , #160-22 .4213:3.3+: P=A.D.Nr(P4Q), = Nr P, + NrQ, (4) 


b.(1).(2).(8).(4). DF. Prop 


#214. DEDEKINDIAN RELATIONS 
Summary of *214, , 


We call a relation “Dedekindian” when it is such that every class has 
either a maximum or a sequent with respect to it. Asa rule, the hypothesis 
that a relation is Dedekindian is only important in the case of serial relations. 
Dedekindian series have considerable importance, especially in connection 
with limits. 

When P is transitive, the hypothesis that P is Dedekindian is equivalent 
to the hypothesis that every section of P has a maximum or a sequent 
(#21413); it is also equivalent to the assumption that every segment of P 
has a maximum or a sequent (#214131), ie. to the assumption that every 
segment of P which has no maximum has a limit, i.e. to 

D(P.e AL) CT ltp. 
When P is a series, the hypothesis that it is Dedekindian is equivalent 
to the hypothesis that every segment has a sequent (#21415), we. to the 
=> 
hypothesis that the class of segments is the class P‘C*P (#214151). If P 
is a Dedekindian series, so is P, and vice versa (*21414). Whenever P is 
connected and not null, s‘Py is a Dedekindian series (*214°32), and so is 
sgm‘P if it exists (k21434); whenever P is transitive and connected and not 
null, s‘P is a Dedekindian series (21433). All these propositions have been 
virtually proved already: almost the only thing new in the present number is 
the definition, which is 
Ded =P {(a). ae I‘maxp vu C‘seqp} Df. 

#214'4—'43 give properties of series which have Dedekindian continuity. 
We have 
#2144. |: P?=P.Peconnex. >: PeDed.=.U‘maxp = — U‘segp 
#21441, b:. PeSer.3:P=P.PeDed.=. U‘maxp=— C'seqp 

Ze. in a series, Dedekindian continuity is equivalent to the assumption 
that the classes which have a maximum are the same as the classes which 
have no sequent. 

#21442. +: PeSern Ded. P?=P.acsect‘P. >. limaxp‘a=liminp(C*P—a) 

This proposition is important in dealing with Dedekind “cuts,” 

#21443. b:. PeSera Ded. aesect(P.3: 
limax p‘a = liminp‘(O*P — a). v . maxp‘a P, minp“(C*P — a) 

#2145 shows that a Dedekindian relation has a beginning and an end; 
the following propositions deal with P A J when P is Dedekindian. 

422 
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*214'6 shows that a relation which is similar to a Dedekindian relation is 
Dedekindian. 

We call a relation “semi-Dedekindian” if it becomes Dedekindian by 
the addition of one term at the end; the definition is 


#21402, 


#21401. 


#21402. 
#2141. 


#214101. 


#21411. 


#21412. 


#21413. 


#214131. 
#214132. 


#21414, 


#214141. 


#21415. 


#214151. 


#2142. 

#21421. 
#21422. 
#21423. 


Dem. 


semi Ded = P (sect*P — C*P C U'maxp v U'seqz) Df 


Ded = {(a) . ae ‘max v M‘seqp} Df 
semi Ded = P (sect*P — °C*P C U‘maxp uv C'seqp) Df 

bk: PeDed.=.(a).aeC‘maxpu C‘seqp [(#21401)] 
b:PeDed.=.~—C‘maxp C CU‘seqp. = .— U‘maxp C C'ltp 
[4214°1 . #24312 . #207°12] 

t:PeDed.=.(a).ae U‘maxp v Ultp. =. (a). a¢ C‘limaxp 
[#2] 4-1 . *207°14°4.4] 


F:.PeDed.=:aC OP. 3,. a6 C*maxp v (seq 
[#2141 . #205151 . #206131] 


F:. Petrans.>: PeDed.=.sect“P C T‘maxp v U‘seqp 
[211-272 . #2141] 


bs. Petrans.D: PeDed.=.D(PeAL) CC 'seqp [211-47 .*2141] 
t:.Petrans.3:PeDed.=.D‘P. C U‘maxp v U‘seqp 
[#214131 . #211-42] 
bi. PeSer.d:PeDed.z.PeDed [x20657. 42141] 
as 
by, PeSer.3:PeDed.=.(a).p'P(an OP) ¢ U'maxp v U‘seqp 
[*206°56 . #2141] 
ki. PeSer.3: Pe Ded.=. Di P, C U'seqp 
[x206'36 . #2141. ¥211-11) 
= 

bi. PeSer.3:PeDed.=.D‘Pe= POP [211°38 . #2141] 
+: Pe trans nconnexa Ded. 3.D‘P.C CU‘seqp [211°371] 
+: Petrans nconnexn Ded. 3. D‘P.= Peep [#211372] 
F: Pe trans m connex n Ded. 3. D( Pe AL) =Porp — a(P+P)} 
[211-46] 
F: Pe trans qn connex n Ded. ~E! maxp‘a.>. 

Seqp’a = maxp‘(a v t‘seqp’a). E! maxp*(au t’seqp‘a) 
F.#214101.3:Hp.>.E!seqp'a. 
[*206'47] >. seqp’a = maxp‘(a vu lseqp*a) (1) 


(41421) >. El maxp‘(au t'seqp‘a) (2) 
F.(1).(2).5 +. Prop 


i 
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> > 
#21424. +:Peconnexa Ded.aesect‘P. > .seqp‘a = minp“(C*P —a) 
[x211-721] 
v > > 
#214241. |: Peconnex. PeDed.aesect‘P. >. maxp‘a = precp(C*P — a) 


4? d 
[214 24 5. #211 "| 
#2143, biza,8ex.DapraCB.v.BCaz 
evel. Q=48 (a, Bex.aCB.atf):.D% 
ACK.D.8 AE KID. Qe Sern Ded 


[#210°12253] 

#21431. 1 :.Hp*214¢3:4C«.2,.p'rnsfeexi D.QeSern Ded 
[*210°12-254] 

#21432. +:Peconnex.q!P.>.s‘PyeSern Ded [*212°3-°35] 


#21433. +:Petransnconnex.q!P.3.s*PeSern Ded  [*212'31:44] 
#21434. +: Peconnex.y!sgm‘P.>.sgm‘PeSern Ded [#212'3°54] 
#2144. +: P?=P.Peconnex.3: PeDed.=.C‘maxp = — C‘segp 


[*211:53] 
#21441. b:.PeSer.3:P?=P.PeDed.=.U‘maxp=-— C'seqp 

[211552] 
#21442. b+: PeSern Ded. P?=P.aesect*P.D. limaxp‘a=liminp(C‘P —a) 

Dem. 
> 2 

F.ax211-721. Dh: Hp.d:seqp’a= minp(C*P — a): 
[*214°101] D:~vE! maxp‘a. D. Itp’a= minp(C*P — a) (e9) 
F. #211726. Dt: Hp. Et maxpa. >. maxp‘a = precp(C*P — a) (2) 
F.#214°1441.3b: Hp. E! precp(C’P — a). 3.+E! maxp( OP —a). 
(*207-12] >. precp(C'P —a)=tlp(C*P—a) (8) 
F.(2).(3). Dt:Hp.E! maxp‘a. D. maxp‘a= tlp(O*P — a) (4) 


F.(1). (4A). #207-46 > 
Fi. Hp. 3: limaxp‘a = min p“(C‘P ~ a). v. limaxp‘a = tlp“(O.P — a): 
[#207°46] D : limaxp‘a = liminp‘(C‘P —a):. +. Prop 
"21443, b:.PeSern Ded. aesect*‘P.3: 
limaxp‘a = liminp*(C*P — a). v . maxp‘a P, minp‘(C*P ~ a) 


Dem. 
Fex21411. Db: Hp. d:.E! maxp‘a. Dd. limaxp‘a =seqp‘a 
[211-715] =minp'(O*P—a) (1) 


b.*211-726. 3b: Ei maxp‘a. cE! ming(C*P —a).>. 
limaxp‘a =tlp{(C‘P—a) (2) 
F.(1).(2).#20746 .D ki, Hpt~w Bt maxpa.v.vEt mine (C’P—a)i >. 
limaxp‘a = liminp‘(C‘P—a) (3) 
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F.#211-726.3+: Hp. Et maxp‘a. E! minp(C‘P—a). 3. 
Et! maxp‘a. El seqp‘a . seqp’a = minp(O‘P — a). 
[*206°5] D. max p‘a P, minp"(C*P— a) (4) 
F.(8).(4). +. Prop 
The following propositions are no longer mere restatements of previous 
results, 
> a ae 3 > 7-ay => 
#2145. +: PeDed. Dd. qi BOP. qi BP. BP =seqp'A. BSP = maxp'C'P 
Dem. 
> 
F.*205°161 .#214101.3+:Hp.>.qtseqpA. 


2S > 
[#20614] D.q! BP. BYP =seqp'A (1) 
—s 
b.4206182. Dt. seqe'O.P=A (2) 
~ 
F.(2).#2141.5+: Hp. >. qi maxpC'P. 
on nie aid ~~ 
[#93117] D.q! BP. BYP =maxp'OP (3) 


F.(1).(3). DF. Prop 
#21451. bi. PeDed.d:~(ePz).v.c%6eD(P+P?) 
Dem. 
> > 

bex2141.3b:. Hp. Dig! maxp fe. v. ql seqp te: 

> aed 
[453°301.%20642]  Diqtv@—Ple.v. qi P= PMc: 
[51°31 33-4] Din (ePa).v.xeD(P + P%)i. 3+. Prop 
#21452. b:PeDed.PCP?.D.PGJ [*21451] 
#21453, +:PeDed.d.D‘P=D(P AJ) 


Dem. 
F.¥21451.3+:Hp.aPa.d.c6eD(P + P%). 
[#3313] D.(qy). Py. + Py. 
[*84'54, Transp] D.(qy).ePy.a¥y (1) 
F.(1).#13°195.3b:. Hp. D:(qy).ePy.>.(qy).2Py.2ty: 
[x833-13] D:D‘PCD(PAJ): 
[433-25] 3:D‘P=D(PAd):. 34. Prop 
#214531. b: PeDed.>.Cf‘P=C(P AJ) 

Dem. 

ay 

F.x9812. 3b. 2e BSP. DtaseD'P:(qy).yPas 
{¥13°14] Di(qy)-yPa.vty: 
[33:13] DiaeA(Pad) (i) 
F.(1). #21453. bs Hp.d. D‘Pu BP COUP AJ). 
[*93°12] D.OPCO(P AJ). 


[#38-252] >.0°P =0(P AS): 2+. Prop 
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#214532. : PeDed.>.0°P=A(P AJ) 


Dem. 
> > > 
b.«8454. Db: Pe=te.3.Paw=P“Pe. 
— 
[*205°123] D.maxpt'e =A (1) 


= 
b.#206°184.3h: Pfastw.>. 
> > > > -_ 
seqp’ Pa = CP n 9 {ufa Ply. Ply C— pi Pen} 
~ = — 


[*53'301-01] =OP a9 {aC Py. Py C— Pea} 
2a 3 

[Hp] =COP o@ {tal Py. Pry C—a} 
[#51161] =A (2) 

> > 3 ~~ > 
F.(1).(2). ie Raa A a la crane laa (8) 
+.(3). Transp. ':. Hp. 3: (a). Plot efor 

3 2 

[*51-401. Transp] Dia): Gi P@. Iq! Paw—ear 
[*83-41] DJiweM'P.Dd.xeA(PaJ) (4) 


+. (4) .*88°251.D +. Prop 
#21454. b:PeDed.d.PASe Ded 


Dem, os 
F.#205°111195.5+.maxp’aCan OC“ PAJ)~— Pa 
[%37-201] c an CUP AJ)-(P AJ) a 
[*205-111] Cmax(PAJ)‘a. 

> > 

[%24°59] Dkiwq !max es J)a. Dd .vq ! maxpfa qd) 
b.(1).#2141. Dk: Hp.wg!max(PAJS)‘a.>.q !seqp’a (2) 
F. #206217.) 


Fs. eseqpa.=ryeanO'P.d,.yPx.y+araeC'P: 

yPa Dy. (GZ). zea.r(2Py): 
[x214°531] SryeanC(PAD).dy.y(PAD aiameO(PAd): 

yPx Dy. (G2) -2€a.0(2Py)t 
[x23-43.43°14] Ds yeanO(PAaJ).dy.y(PAS)araeO(PAd): 

y(P AT) a. Dy. (qz).zeamfe(PAd)y}: 

[%206°17] Draseq(PAT)a (3) 
F.(2).(3)e Dk: Hp.wg!max(PAJ)a.d.q!seq(PAad)a (4) 
b.(4).#2141.3+. Prop 
*2146. &:PeDed.PsmorQ.>.QeDed 


Dem. 
F . *207°65 .#21411.3 


b:PeDed. SeP amor Q. >. (a). S“ae Uimaxg. 
(&71-481] >. CHA‘S C Climaxg. 
[4152-11.4214°12] D.QeDed: D+. Prop 
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> > 
#2147. b:. Pesemi Ded. =: aesect‘P.atC'P.),.q 1 (maxp‘a v seqp'a) 
[(#21402)] 
#21471, +.DedCsemiDed [#2141-7] 
oe 
#21472. +:.Petrans.3:PeDed.=.Pesemi Ded.q! BSP 
[x214°7°18 . #205121} 
#21473. F.semiDed—cA CUB [x206-14. #211-44. 42147] 

The proof of the following proposition is given in a somewhat compressed 
form, since, if given with the usual fullness, it would require various lemmas 
not required elsewhere. 

ya 
#21474. +: PeSernsemi Ded. >. Pi Py‘ esemi Ded 
Dem. 
> > 
b.#2147. 5b: Hp. aesect*P.at O°P.D.4 1 (maxp‘a v seqp‘a) (1) 
b.#205:261.3 


<_ => — = <- 
b:Hp(1). Pyfarvel. wea. >. max (Pt Py‘x)a= maxp(an Py‘a) 
— 


[#205262] =maxp'a (2) 
b.#211-75:56. Dk: Hp(2).D.O'P—al Pye @) 
< > a & 

b,(3).#211-715.3+: Hp(2).Q= Pl Pye. >. seqp‘a = minp‘( Py‘a — a) 

eee ¢ 
[205261] = ming‘(— @) 

= = 
[#211°715.#206-25] =sego(an Pyfe) (4) 
F.(2).(4).D 

: = > <= > <= 

+: Hp(4).3. maxp‘a v seqp‘a= maxg(an Pyfa) u seqg'(an Pyfx) (5) 


<_ 
F.(1).(5).3F: Hp. aesect"P.at+O'P. Pyfarel.vea.Q=P[Pyfa.d. 
> ya > = 
ql {maxg’(an Py‘a) v seqg‘(an Pyéa)} (6) 
<= => > a 
F.*211°715.D+:Hp. Py@rel.a=Pie.>.seqp'a = minp' Pye 


= | €_ 
[#205261] - =min(PP Py‘2)* Pia 
a 
[#20614] = seq (PE Py (7) 
< > e 
F.(7).4206401. Db: Hp. Pyfavel.d.g!seq (PE Pyia)A (8) 


= < 
F.(6).(8). DF:. Ap. Pyfarel.Q=P[ Pyfa.d: 
> > 
Besect*Q — 60 . Dg. ! (maxg’B v seqg’f): 


[*214-7] >: Qesemi Ded (9) 
i 
b.a214-7 . 420035 .Dh: Hp. Pyfoe1. DPE Py‘ e semi Ded (10) 


F.(9).(10). DF. Prop 


*214°75. +: PesemiDed.PsmorQ.>.Qesemi Ded 
[#205'8 . 420661 . *212°7] 


#215, STRETCHES 
Summary of *215. 


A stretch of a series is any piece taken out of it, and not having any gaps; 
that is, it is a class contained in the series, and containing all terms which 
come between any two of its terms. Thus it is defined as 


@(a COP. Pan PaCa). 
We denote the class of stretches by “str‘P,” where “str” stands for “stretch” 
or “Strecke.” A stretch which has no predecessors is a section of P; one 


v 
which has no successors is a section of P. The properties of stretches are 
chiefly important in connection with compact series. In discrete series, 
stretches are the same as intervals. 


If P is transitive, stretches of P are the products of sections of P and 
¥ 


sections of P, i.e. of upper and lower sections of P (*215:16), If P is 
connected, and a is a lower section, @ an upper section, then if the two have 
a stretch an 8 in common, we have 


a= Pan B)u(ang).B=P“(anB)u(anB) (#215161). 
A slightly more general form of this proposition is 
*215°165. |: P,, econnex.aesect’P. Be sect’P . qlang.). 
a= Py(an 8). B= Py(an 8). Pha= Py (an 8). PMB = P,“(an 8) 
A specially important case is when a and 8 have just one term in common. 
In this case we have 
#215166. F: P,, ¢Ser.aesect’P. Be sect’ sanBel.d. 
an B= t'maxp'a=eminp’s 
When an @ has more than one term, if the upper limit or maximum of a 
and the lower limit or minimum of § both exist, the latter precedes the former 
(*215'52); if a and 8 have no common part, but together exhaust the field 
of P, we have either limaxp‘a=liminp‘f or limaxp‘aP, liminp‘f, assuming 
E! limaxp‘a. E! liminp’8 (*215°54). Hence if limaxp‘a has no immediate 
successor, it must be identical with liminp‘8. Thus we have 
#215543. +: PeSer-acsect’P. BesectP.avB=CP. anfeOvl. 
E! limaxp‘a . limaxp‘ave D‘P,.. limaxp‘a = liminp*8 
The above propositions will be useful in Section C (#231 and #233). 


#21501, str’P=3(a COP. Pan PtaCa) Df 
215-1. Fsaestr‘P.=.aCO'P. Pan Pq Ca [(*215°01)] 
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421511, b.str’P=str'P [(#215°01) . #3322] 
421513, b.sect’PCstr'P. sect(P Cstr'P [#215°1. #2111] 
#21514. Fsacsect"P. Be sect‘P.D.an Bestr'P 

Dem. 
bax2101. 2: Hp.d.a COP. PtaCa. P“BCB. 
[#22'43.43721] Dan BCOP. Pan B)Ca. Plan ACB. 
[#2249] Dian BCOP. P*(an8)n Pan B)CanBg. 
[&215°1] D.anBestr'P: D+. Prop 
*215-15. F:Petrans.aestr‘P.D.av P“aesect*‘P.av Pea € sect*P i 


a=(au Pfaya(av Peg) 
Dem. 


+. #21127 .*215'1.3+:Hp.d.auP“aesect*P.av Piqesect’P (1) 
b.k215°1. 42262. DE:Hp.d.a=au(P an PMa) 
[22/69] = (av Pa) a (av Pte) (2) 
F.(1).(2). 94. Prop 
¥*215-16. 1+: Petrans.>.str‘P=% {(qa,8).aesect’P. Be sect. y=an B} 
=s*{(sect*P) a “sect! P} 
[x2L5 1415 . 440-7] . 
¥*216-161. f: Peconnex.aesect"P. Be sect*P ~qlang8.d. 
a= Pan B)u(a af). B= Pa n B)v(an Bp) 


Dem. 
F.#2111.4372.3+:Hp.d.P“(an B)u(anB)Ca (@9) 
+ .#211°702. Di Hp.cea-B.diyeB.d.aPy: 
(*37-1] Iiqi(anB).d.veP“(anB) (2) 
F.(2). DF: Hp.wea.d.ceP“(anB)v (an) (8) 
F.(1).(8)- 2 F: Hp. d.a= Pan 8) u (an B) (4) 
Fa) 5. Dt:Hp.d. B= P*(an 8) u(anB) (5) 


F.(4). (5). 34. Prop 
#216162. t: Pe trans mn connex.aesect’P «fe sect*P »qlang.d. 
Pq = P*(an 8). P*B= P*(an B) 


Dem. 
F.#215'161.3+:Hp.d. P&a= P*P(an 8) v P(an 8) 
[¥201°5] = P*(an B) (1) 
Similarly  F: Hp.>. P= P*(an 8) (2) 


F.(1).(2). 34. Prop 
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#215163. +: P etrans n connex.aesect’P. Be sect*P »elang.d. 


«Dee De 
Dem. BESa= pP “(an B) 


F. #4016. of. pP mq CpP*(a n B) 
+ .*10°56 24371. 3b: HpryeanB.dy.yParzeP “(an 8):D.2Pa S 
F. (2). #215161. D+:. Hpi: yeanB.dy.yPoidizea.d,.2Pa (3) 
F.(1).(3). D4. Prop 
> ~ aaa aad 
#215164 |: Hp *215°'162. 3. minp‘8=minp(an 8). maxp‘a= maxp(an 8). 
- ~ > 
seq pa = seqp(an 8) . precp’@ = precp‘(an 8). 
> = ~ > 
ltpfa = ltp(a n 8). limaxp‘a = limaxp‘(an 8) 


Dem. / 

> 

b .*215°162. 2t:Hp.d. maxpa=a~P(an B) 

[215-161] =anB—P«(anf) 

> 

[*205°111] =maxp(an @) qa) 
> > 

Similarly Fs: Hp.3.minp‘8 = minp“(an 8) (2) 
> ama 

F . #215168 . #20618 . D+: Hp. . seqp’a=seqp(an B) (8) 
> > 

Similarly Fk: Hp. >. preep‘f = preep‘(an 8) (4) 

> = 

b (1). (8).#20711-12. 3+: Hp. D. Itpfa=ltp(an 8) (5) 
> > 

F.(1). (5). #20745. Dt: Hp. . limaxp‘a=limaxp(an 8) (6) 


FE. (L). (2). (3) « (4) «(5)« (6). F. Prop 
#216165. | : P,, econnex.aesect*P. fe sect'P. qiang.). 
a= Py(an 8). B= Pyar B) «Pax Pye (an 8). PHB = Pree. 8) 
Dem. 
F. 4211-17 .D: Hp.d.acsect'P,,. Resect'P,,. glan 2. 
[215-162] D.a=Py(anQ). B= PG n (1) 
[*91°52] . P&a= Pan 8). P*B=P,(an B) (2) 
Wee oe 


#215166. +: P,,eSer.aesect‘P. Be sect’ P »anfel.od. 
an B=t'maxp‘a = t'minp’B 


Dem. 
F,*215°161.%21117.3+:Hp.3.a=(an 8) ¥ Pio“(an 8). 
[*215°165} >. a Pa =(@ n B)—Pyoi(anB)- 
[*205°11] >. maxp‘a = max (Pyo)*(a n 8) 
[¥205-17] _, 7an8 Qa) 
Similarly Fk: Hp.>.minp'P=an@ (2) 


F.(1).(2)-DF. Prop 
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#21517. /:Petrans.). Phy an PB estr'P 


Dem. 


Pb a21L1511. Db: Hp.d.P*Besect(P. Ptacsect(P (1) 
F.(1) #21514. 9. Prop 


#21518. +.P(c@Hy), P(aey), Pay), P(@—y)estr'P 


Dem. 
> e ¥ 
F.*21113'3.9+. Py‘yesect'P. Py‘ae sect*P (1) 
> = v 
F.«21116. OF. P,o‘yesect'P. P,fa esect*P (2) 


fF. (1). (2). #21514. . Prop 
#21519. b:P?GJ.2eOP. 3. twestr’P 


Dem. 
vu — -_ 
b.#5330L. DE. Pian Pas Plan Pa qd) 
F.(1).*5043.5F: Hp. 2. PMitnn Pea (2) 


b. (2). #2151. +. Prop 


> > 
#215°2. +: Peconnex.aestr’P.c#ea.>.P“a=a—maxp'av Pe. 


Bs =z << 
P“a=a—minpav Px 


Dem. 
b. 205111. 3 F.a— manta C Pa : Q) 
F.*8718. DkiHp.d Pe C Pa (2) 
F.(1).(2). Dt: Hp.d.a—maxpfav Pin Pa (3) 
F. 202108. 3t:.Hp.ye Pa. diyePcuticu Pa: 
[*37°181] Dry P'e vlan ye Pa: 
[4°73] diye Pavvia.v.ye Pan Pat 
[#2151] Dry ePiruveva: 
[Hp] DiyePava (4) 
F.#205-111 Dk. ye P asd. ywemaxp'a (5) 
F.(4) «(5)« DhiHp.ye Pta.d. yea—maxytau Pla (6) 
F.(3).(6). Dk:Hp.d. Pa=a—maxplav Pe (7) 
Similarly F:Hp.3,. Pigs gm as Pa (8) 


F .(7).(8). 34+. Prop 
#215-21. +: Peconnex.a,festr'P.qlanB.d.an Beatr'P 
Dem. 
> > 
b.¥215-2.3:Hp.>.(qz).ceanB.PaCau Pa. PYRE Bu Pie. 
PiaCau Pix. P“BC gu Pa. 
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[422'68] D . (qa). wean B. Pan P“BC(anB)u Pin. 

Bean Peg c(anf)y Per. 
[#37°21] >. (qa). zeanB, Pan B)C(anB)v Ee. Pan B)C(an Bo PX 7 
[#2269]. (qx). zeang. P(an B) a Pan B)C(an 8) (Bean Pez) ( 
+,438718.DhiveanB.d. Pia Pan P&B, Pa Pan PHp, 


[#22'49] >. Pan Pix C Plan Pan POR n Pg () 
F.(2).42151. 3h: Hp. dizean 8.2. Pian PiaCanB (8) 
F.(1).(3). DEtHp.d.(qu).ceanB.P"(anR)nP(ang)CanB. 
[*215'1] D.anBestr‘P: I+. Prop 
#21522. F:a,festr’P.D.anestr’P 

Dem. 
F.x2151. Db: Hp.d.aCO'P. 8 COP. Phan Pa Ca. P“Ba PHBCB. 
[*22°47-49] Dian BOOP. Pan PHB n Pan PHB Cang. 
[487-21] Dian BCOP. Pan B)n Pan B)CanB. 
[215-1] D.anBestr‘P: D+. Prop 


*216-28, +: Peconnex.yCstr6P.q!ip'w.d.s‘westr'P 
Dem. 


> - 
b.*2152.3¢: Hp. zepw.diaep. Dd.» PaCav Pe. Palau Pa: 


> » < 
[*40°13] Diaep. coem tO ae ree Le. Pas’ ee : 
[*40°43°38] 2: Ps a uv Pn. Presty ¢c ia v Pra: 
[*22°49°69] 3: Pstun Peisey, Csfuu (Pa a Pix) (1) 
F. #4014. 5+: Hp.cepiw.aepw.d.cvea.aestr’P, 

> v 
[437-18] >. Pian Pia Pitan Pa.acstr'P. 

> & 
[*215-1] 2. Pan Pala. 

> & 
(%4013] >. Pan PaCs'p (2) 
F.(1)+(2). SFr Hp. qty. d. Piety n Pes sp (3) 
b.#38729. DEsw=A.Dd, Pisin PH sn Csiu (4) 


F.(8).(4).9F. Prop 
#21524. brpCstr’P.3.C'P a piwestr’P 
Dem. 
b #37265 DF. P\ (pin OP) a PH ps ea 'P) = Peps en Paps fe (1) 
b.x872. Dkraew.d. Pip tun Ppp C Phan Pa (2) 
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F.(2).*2151.3+:.Hp.diaep.d Pepin Ppp Ca: 
[*40°15] 3: PMpipn Pp eC pe (3) 
F.(1). (8). #2151. . Prop 


4215-25. FiwCstr’P.qip.d.piwestr'P 
Dem. 
b.e40-24. 42151. Db: Hp. >. pic OP (1) 
b. (1) «#21524. 9. Prop 


#2153. b+: Peconnex.a,Sestr‘P—UA.anB=A.d: 


=> < y 
aC P“B.=.aCp'P"g.=.BCp'Pa.=. BC P\a 

Dem. 
b.42151. 3+: Hp.d.aCG'P—B Q) 


b. #2248. DbraC P“B.D.an PHB CPHB A PHB: 
[e215] Dt: Hp.aCP“B.d.anP“BCB. 


[*22-621.Hp] Dian PHBQaA (2) 
F.(1).(2). Dk: Hp.aC P*Q, D.aCOP—B-PHg. 

[202/501] _, Deatp'Pug (3) 
F.a40'61. Dh i Hp.aCp'Peg.d.aC Pap (4) 
F.(8).(4). DE Hp. d:aC PHB. =.aCp' Pep. (5) 
[+40°67] =.BCp Pa. (6) 
[ | =.B8C Pa (7) 


F.(5).(6).(7). DF. Prop 


#216531. +: Petrans mconnex.aestr‘P. E! minp‘a.E! maxp’a.>. 


a= P (minp‘a H maxp‘a) 


Dem. 
F .#205°2 . #90°15°151.5+: Hp. yea. >. minp‘a Pyy qd) 
F. () 5 - #205102. Di: Hp.yea.d.yPymaxp a (2) 
F. (1). (2). #121103. D+: Hp.3.aC P(minp‘a H maxp*a) (3) 


F #121242 . #20119. %*2052.5+:Hp.d. 

P (minp‘a H maxp*a) = t‘minp‘a v (Paninite a Prinazsta vu U'maxp'a 
[*37-18] Cufminp‘a v (PXa a Pa) uv umaxp'a 
[*205°11-111.4215-1] Ca (4) 
F.(8).(4). +. Prop 
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#21532. |: Petransnconnex.aestr‘'P.E!minp'a.E! seyp‘a. D>. 
a=P(minp‘a seqp‘a) 


Dem. 
F. #206211 .*2052.3+:Hp.d.a aC Pyfmingtan Proogp'a (5) 
F . #20622 . 205-22. 5+: Hp.d. Peming! an Prseqn' a= Pan (av Pia) 
[*215-1] Ca. 
[#201°19.%121°241]} D3. P(minp‘a + seqp‘a) Ca (2) 
F.(1).(2). 34. Prop 


#21533. +: Petransn connex.aestr'P. E! precp'a. E! seqp’a.>. 
a=P(precp‘a—seqp‘a) [206-22 . *215°1} 
#2154. +: Peconnex.weClexcl(str°P —tA).3. Pal p=P Ce 
Dem. 


F.*8412.5b:.Hp.Dra,Bew.ath.d.anB=A: (1) 
[#1701] D:a(Palu)B.=.4Reu.qla—P"p. 
[*215-3. Transp] =.aPeu.qiB—P a. 


[(1).*170°102] a, Bep.aP, pi. d+. Prop 


#21541. +: Pe trans connex. we Clexel(str‘P —t‘A).>. Pf we Ser 
Dem. 


bs #8412.#170102.9F:.Hp.D:a(Pyby)B.s.g18—- Pia (1) 
F,*215°3.) 

Fr Hp.a Beu.aC P*B.BC Pia. d.aC PHB.ac PQ, 

[215-1] D.aCe (2) 
Similarly F:Hp(2).9.8Ca (3) 
b.(2).(3).Db:: Hp.a, Pew. dial PKB.BCPa.d.a=f8: 
(Transp.(1)] DnatB-Dia(PotwB-v.B(Petwa (4) 
F.4871.9 
FirHp.Bay=A.nr(y CPWB).Ds. (qa)izeyiyeB.Dy-(2Py) ePyts 
[*202'103] Ds(qe)izeyryeR.dy-yPe:. 

[*11°61]} DiyeB.dy.(q2).zeyeyPer 

[e371] Dn BC PH ys 

[*201°5.437-2] Diy PHa.d. BCP ar 

[Transp] Dig! B—-Pa.d.qly— Pia (5) 
.(5).(1). DF: Hp. dia( Pfu) B-A( Probl w)y-2-4(Puley (6) 


F.(4).(6).*17017.95. Prop 
#21542. +: Petransmconnex.peClexcl"(str‘P—t'A). prel.D.0P, [uHu 
[4202°55 . 215-41] 


#2155. :. Petransconnex.aesect’P. BesectP cae 
Glan B.limaxp‘a=liminp'B.D.an Bel [%*207-71 .*215°164] 
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#21551. fF: PeSer.aesect‘P.8 esectP. anBel.o. 
limaxp‘a = liming =e(an @) (4207-72. #215164} 
#21552. |: Hp*2155.an Bwe0ul. E! limaxp a, E! liminp'8.3. 
liminp’8 P limaxp‘a 
Dem. 
F.#215°164.5:. Hp. 2: limaxp‘a= max p‘(an @).v. limaxp‘a=seqp‘(a n 8)? 
liminp‘8 = minp(an 8).v.liminp‘@ = precp{(an 8) (1) 
F.*205°732. 3: Hp. limaxp‘a = maxp(an 8). liminp‘8 = minp(an B).2. 
liminp‘@ P limaxp‘a (2) 
F.*20615. Dt: Hp. limaxp‘a =seqp"(an @). liminp’8 = minp(an 8). >. 


liminp‘@ P limaxp‘a (3) 
F.(8) pee D+: Hp. limaxp‘a= maxp‘(an ). liminp’6 = precp(an 8).9. 
- liminp‘f P limax p‘a (4) 

+. «20673. Dh: Hp. limaxp‘a=seqp‘(an 8). liminp‘’8 = precp(an 8). Dd. 
liminp‘8 P limax p‘a (5) 


F. (1). (2) « (8). (4). (5). DF. Prop 
#21553, +: Hp x215'5.an@=A.E!limaxp'a. EB! liminp'@.>. 


limaxp‘a Py liminp‘8 
Dem. 

> = y 
F.*207°2 .*205:22.5F:Hp.>.P‘limaxp‘a C Pia. Pliminp§8 C P“B. 

=> 
[a211-1] D>. PlimaxpfaC Pa. Pliminp BCR (1) 
F.(1).*871.5+:Hp. liminp’8 P limaxp‘a. 9. (qv). zea. liminp’8 Pe. 
{@)] 2-qlanp (2) 


F.(2). Transp. 5+. Prop 


#*215'54. +: PeSer.aesect'P. Besect'P.an@=A.av BCP, 
Et limaxp‘a. BE! liminp‘ . 3: limaxp‘a = liminp‘8.v. 


limaxp‘a P, liminp‘*8 


Dem. 
+ .*211-726. 3+: Hp. Ei maxp‘a. E! minp'8.>. 
, limaxp‘a = maxp‘a. liminp‘8 = seqp‘a. 
[*206'5] D. limaxp‘a P, liminp‘@ (1) 
F.¥211-726.5+:Hp.sE! maxp‘a.>. 
limaxp‘a = minp‘8.liminp‘8 = minp‘B (2) 
F.#211°726. D+: Hp.~E! minp'g.2. 


limaxp‘a = maxp‘a. liminp‘@ =maxp‘a (3) 


F.(1).(2).(8). +. Prop 
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*215'541. b:: PeSer.aesect’P. Be sect’P avB=OP.91 
anBeQul.D: E! limaxp'a.=.E! liminp§8 
[211-727 . ¥215°51] 
#215°542. +: Hp *215'541.an 8=A.E! limaxp‘a. limaxpave D‘P,.9. 
limaxp‘a = liminp*@ 
[4215-54 . *211°727] 
#*215-543. +: PeSer.aesect'P. Besect(P.avB=CP.anBe0vl. 


E! limaxp‘a. limaxp‘a~e D‘P,. >. limaxp‘a= liminp‘8 
[*215°542'51] 


R&W IT 43 


*216. DERIVATIVES 


Summary of *216. 

Tf ais any class, and P is any series, the derivative (or first derivative) of 
a with respect to P is the class of limits of existent sub-classes of an O*P, 
te. ltp*Clex(an O'P). That is, a term # belongs to the derivative of a if 
a set of terms exists which is contained both in a and in C‘P, and has # for 
its limit. The derivative of a with respect to P will be denoted by Spa. 

In general, there will be members of @ not contained in Sp‘a, and members 
of $p‘a not contained in a. ais said to be dense in P if all its terms except 
the first (if there is a first) belong to Sp‘a, that is, if all its terms except the 
first are limits of existent classes contained in a. a is said to be closed in P 
if every existent sub-class of a which has no maximum has a limit which 
belongs to a, ie. if every existent sub-class of a has a limit or a maximum, 
and the derivative of « is contained in a. If ais both dense and closed, it is 
called perfect. In this case, all its terms are limits of classes chosen out of a, 
and every class chosen out of a has a limit or maximum in a. 

The second derivative of a is Sp‘Sp‘a, i.e. Spa, and so on. (Derivatives 
of infinite order cannot be dealt with till a later stage.) If P is serial, the 
second derivative of a is always contained in the first («216°14). 

If P is a Dedekindian series, a is closed whenever 8p‘aCa. In order to 
secure a Dedekindian series, it is sometimes convenient to replace P by the 


By 
ordinally similar series P3P, which is contained in the Dedekindian series 

> > 
s‘P. Then a is replaced by P*‘a, and a is closed if the derivative of P‘a 
with respect to s‘P is contained in Pa. The relation of the derivative of « 
in P to the derivative of Pain s‘P has been treated in #212°6 and following 
propositions. This subject is resumed below (*216°5 ff.). 

The derivative of the series P will be defined as the series of its limit- 
points, and denoted by V‘P. Thus we put 

ViP=PED'Itp. 

If P is a series, the derivative of a class a consists of those members z of 
‘P which are such that members of a exist in every interval which ends 
in @, we. 

- 2 
#21613. Fi: PeSer.di.wedpa.=:a2eU'PiyPe.d,.qlanPyn Px 

We have 

#2162. b. Sp'C0'P = Diltp— BP 


"2163. t-:aedense‘P.=.a— maine C Sp%a 
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#21632. |:aeclosed‘P.=.Clex“(an C‘P)C Ulimaxp. dp‘aC a 

We prove (*216-4-—"412) that the properties of « with respect to P, as 
regards being dense, closed, or perfect, belong to S“‘a with respect to Q if S 
is a correlator of P with Q. 


We next consider the relation of a in P to Pug in sfP (*216°5—-56). 
The point of these propositions is that s‘P is Dedekindian, so that a class is 
closed in s‘P if it contains its first derivative. (It is usual to define a class 
as closed whenever it contains its first derivative; but this involves the tacit 
assumption that the series P is Dedekindian. If P is the series of real 
numbers, this assumption is of course verified.) We prove (#21652) that 
the derivative of Péa in s*P is P««(Clex‘a—C‘maxp), te. is the class of 
segments defined by such existent sub-classes of a as have no maximum; we 


~ 
show that a is dense, closed, or perfect in P according as P‘‘a is dense, closed, 


or perfect in s‘P (*216'53'54'56), and that a and Pa are closed if Pig 
contains its first derivative («216°54). 


We end with various propositions on V‘P (*216'6—°621), of which the 
chief is 
= 
#216611. +: PeSer. qi ViP.3.CVSP=CiP-O'P, =dO'P uv BSP 
This subject will be resumed in connection with well-ordered series 
in *264, 


#21601. Sp‘a= ltp“Clex(an O'P) Df 


#21602. dense‘P = 4 (a—minp‘a C 8,%a) Df 
#21603. closed‘P =@ {Clex‘(an O'P) CC‘limaxp.dpaCa} Df 
#21604. perf*P =dense‘P n closed‘P Df 
*216-:05. V‘P= Pf D‘ltp Df 


#2161. brvedpa.=. (qh). BCanCP.qiP.xltpB [(#21601)} 


#216101. b: ve Spfa. =.(G8)-BCa.q!8.8CP“B.xseqph 
Dem. 

+ .*2161. «2071.3 

braedpfa.=. (qh). BCanCP.qgtB.BaCPCP"8.aseqph- 

(x87-15] =.(q8).BCa.q!@.8C P“B.xseqp8: I+. Prop 


#21611. +. SpaC Pa 


Dem. 
+ .%216:101 . #206:142. 31: xe dpa. >.(qA).BCa.q!8.ceP"B. 
[#372] D.ve Pa: D+. Prop 


43—2 
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#216111. +. dp'aC dP {#21611 . 37-16] 

#21612. |. Spfa=Sp(an OP) [*22'5. (#21601) 

#21613. b::PeSer.3:.ceSpa.2:aeU'PiyPa. dy. tan Pty n Pee 
Dem. 

b.*206°173 .*216101. 3b ::Peconnex. P?CJ.5:. 

ne dp'a.=3(q8).BCa.ql@- RCP a. PiaC PMB: 

[«37°46] =:(q8):8Ca.q! 18; ACP: tyPa. Dy. ai Bn Py: 

[#2458] Dr yPax. dy. qian Plan Py (1) 

+ .*83-41152.5 


Fr.veC°P: yPx.D. qian Poon 3: tan Pie. an PuCanPs 
¥. ye yilig 


[*216-1] 6 altsa a Pa), D.xvedp'a (2) 

+ «87-2 .*201'501. 3+: Hp.3. Pan Pa) ¢c Pra (3) 
= 

b.*5024. Dk: Hp.d.ave(an Px) (4) 


F.(8) (4) «#207232. > 
b::Hp.veA°P. 3s. clip(an Pa) 122 Pe CP“an Pa): 
[87°46] siyPa.dy.qlan Pee a Py (5) 
F.(2). (5). Db: Hp.weC'P: yPx.d, qian Pion Pry: D.xedpfa (6) 
F.(1).(6) #216111. 3+. Prop 
#21614. +: PeSer.D.dp**aC dp'a 

Dem. 
b.#71-47.5+:.Hp.3:8Cltp“Clex‘a.qif.>. 

(qx). «CO Clex'a. PB =ltp«. Gis. 

[437-26] D. (qr). AC Clextan C'ltp. B=ltM'r. ql B- 
[#207-54] >. (qr) 2 CClex‘an C'tp. A =ltpr. g! 8. limaxp'B=ltp's'r. 
[4216-1.437-29.453°24. Transp] D « limaxp'B C Sp‘a. 


[#207-45] D .Tp'e C dpfa (ly 
— 

F. (1). (#21601). 3+: Hp. 9: Be Clex'Sp'a.D. ltp$8 C dp'a: 

[#40'43'5] 3: ltp “Cl ex‘Sp'aC dp‘a:. D+. Prop 


#21615, FraC B.D. 8pfaC 88 [¥37-2. (4216-01)] 
*21616. |: Petrans nq connex.D. dp‘a= dp(a— mane) 
Dem. 
as 
b #2426101. +: minpfa=A. >. Sp'a= Sp(a— mien) (1) 
+ .#5136.5+:8Ca.q!@. Et minp‘a. minpfave B.D. 
Be Clex‘(a—e‘minp‘a). 
pa 
[{*87-18] D .ltp§8 C Sp(a—efminp‘a) (2) 
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+ .#205°5.>+:Hp.@Ca.q!8.minp'ae8.>.minpa=minp‘s. 
> > 
[*207:262] >. ltp{B Cltp(8—etminp‘a) (8) 
=" 


F.(3).48718.9 +: Hp (8). 8 + eminpfa >. Itp(B C 3p'(a—t'minpfa) (4) 
+ #2051948. D+: El minp‘a. >. minp‘a = maxp‘t‘minp“a. 


[207-11] >. ltp‘t‘minpfa= A (5) 
> 
+. (5).#2412.3+: E! minp'a.@=e'minp‘a.D.ltp{8 C dp(a—u'minp‘a) (6) 
— 
F.(4). (6). DF: Hp (8). 5. ltp$B C 8p"(a — e‘minp‘a) (7%) 
> 
b.(2).(7). D+: Hp. 8 Ca.qif.E!minpa. 3. ltp*BC dp(a—t‘minp‘a) (8) 
b. (8). *40°5-43.3: Hp. E!minpa. >. dpfa C dp(a— eminp‘a) (9) 
b. (9). #21615. D+: Hp. Et minpfa. >. dpa= 8p"(a— t*minp‘a) (10) 
F.(1).(10). 3+. Prop 
> 
#2162. +. 8p°C‘P=D‘ltp — BYP 
Dem. 
= 
b. 437-15 #216111. +, 3°O°P C D'ltp— BYP (1) 
b. #2161. Dt: ee D'ltp—dp°OP.D.altpA. 
> 
{*207°3] D.ce BP (2) 
=> 
F. (2). Transp» D+. D'itp— BSP C8hp'C“P (3) 


F.(1).(3). D+. Prop 
#21621. +: PeRIfJnconnex.>.dp'C'P =(1'P—-A( P+ P*) 
[20735 . #216:2] 
#21622, +: PeRiJnconnex.PG P?.5.8)5C.P=C‘P [*216-21] 
#21623, |: Pe trans. . dp‘C\P = seqp“C1‘sgm‘ P =ltp“C‘sgm’P 
Dem. 
F . *206°25 . *216:101 .5 


t:.Hp. Dd: vedp'OP.=. (gq). 7! 8. BC P“B.«xseqp(P“f). 


Wo 


[#24°58.437°29] «(GB)» BCP“ oq i PMB. wsegp (PB). 
[4201-55] >. (qB). P*PHQ = PKB! PMB. wseqp(P“f). 
[¥212°152] >. x eseqpC‘sgm‘P (1) 
b.*211-4.55.seqpC‘sgm‘P = It pC ‘sgm‘P (2) 
+. #212152 . (#21601) . DF. lip ‘sgm*P C 8p°C*P (3) 


F. (1). (2). (8). DF « Prop 

= 
#2163. bs:aedense‘P.=.a—minp'aC dp'a [(#216°02)] 
*21631. b-saedenseeP.=.aCC'P.an Pa C dpa 


Dem, 
> 
b. #2163111. 3+ :aedensefP.>.a—minpaC dP. 
[4205-11] D.acOP, (1) 
> 3 
[#20511] 3.a~minpfa=an Pia (2) 


b.(1).(2). Db. Prop 
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*21632, +:aeclosed*P.=.Clex(a nC‘P)C Climaxp. dp.aCa 
((216°03)] 
> —> 
#21638. F:.aeclosed*‘P.=:@Ca.qif.BCP“8.3.q tlip'h .ltp'e Ca 
Dem. 
b. #207°45 . #205123. Db :. Clex(an C{P)C Climaxp. =: 


~ 
BCa.q!8.BCOP.BCP“B.D,.q! ltpf: 
> 
[*37°15] =: 8Ca.G18.BCP“R.2p.q iit 8 (1) 
be #40435. Dh SraCa.s28Ca. gh. BCOP. rp .IteRCa: 
> 
[#207-11.*2412] =: 6 Ca.qi8.8CCP. maxp’B=A.d,-ltp\eCa: 
=> 
[205°123.437°15] =: 8Ca.qiP.B CPB. Ds. ltee@Ca (2) 
b. (1). (2) «#21632. 5+. Prop 
#21634. /:: Peconnex.3:.aeclosed‘P.=: 
BCa.qiB.BCP“B.d,. lip’Bea [#21633 . *71:332 . *207°24] 
#216:35. +: PeSer.Clex‘e CC‘limaxp. >. Clex‘Sp'a C Tlimaxp 
Dem. 
+ .#71°47 . *37-26. 2 
Fs. Hp.3:BeClex‘Sp'a.>.(qr).rCClex‘an Cltp. B=ltpr.qis. 
[#207°54] 
~ > 
D. (qr) AC Clexfan A'ltp. B=ltp'. q! PB. limaxp‘B = limaxp’s . 
[#37'29.Transp] 
> > 
>.(qa).ACClex‘an Clip. B=ltprA.q Ir. limaxp'B = limaxp‘s'r. 
[*53'24. Transp] 3. (qr). sXe Cl ex‘a . limax p‘8 = limaxp‘s‘r . 
> 
[Hp] D.qtlimaxp'8:.>+. Prop 
#21636. +:aeperf(P.=.aedense‘Paclosed‘P [(*216-04)] 
#216°37. | :aeperf(P. =. Clex‘a C C‘limaxp. Spa =a — minete 
[¥216°3:32:36] 
#216371. bs aeperf'P.=. Clex‘aC C'limaxp.aCC'P.dpa=an Pry 
[#216°31'32'11°36] 
*216°38, |: P etransmconnex.aedense’P.D. Sp'aedense’P. dp‘a C Sp‘Spa 
Dem. 
F.#216315.5+:Hp.>. d(a— einglay C bp‘Spfa. 
[*216°16] D>. dpfa C SpSpa. 
[#216°3] >. Spfa edense‘P : D+. Prop 
= 
#216°381. +: PeSer.aedense'P. >. Sp'a= SpSp'a.minp'Sp'a=A 
[4216381411] 
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#216382. | : PeSer.aedense‘P. Cl ex‘aC C‘limaxp. > . 8p'ae perf*P 
[¥216°35-381°37] 
42164, kz Se Pamot Q. >. Spa = SBySa. SSpfa = 89'Sa 
Dem. 
+, #20768. DF: Hp. Dd. Spa = S*ltg SC ex‘a 
[¥71-491] = Site Olex'Sa 
[(#216-01)] = Bol Sa Q) 
b.(1). 72°52, *216111.5+. Prop 
#216401. b: Se Pataor Q.>. PE 8p'a= S83 (Qf do'S*a) 
Dem. 
b, #15037 «>t: Hp. 3.83 (Qf do'S*a) = (S5Q)PS*So'Sa 
[#216-4.4151-11] = PPSpfa: Dt. Prop 
#21641. b:. Se PsmorQ.aCO'P.3d:aedensesP.=. Séaedense'Q 


Dem. 
+ .%216°3 . «37:2. 


bi. Hp. J:aedense‘P. 3. Se(a- mingta) CS3pha, 
> 


[*71°38.*205°8] 3. Sta- ming‘S*a c S894 an 

[#216-4] >. SMa — ming’ Sa C 86S. 

[#2163] >. Sac dense'Q (1) 
ce, 

(1) are ae > 

ti.Hp.o: Stae dense‘Q. >. S*Saedense'P. 

(*72°502} >.aedense‘P (2) 


F.(1).(2). 54. Prop 
#216411. F:.SePsmorQ.aCOP.d:aeclosed‘P.=. Sta e closed‘Q 


Dem. 
+. *207°64 . *37°-431.3 
bi. Hp.3:BCOP.q!f. Be CTlimaxp. >. 


seg ¢c eQ. q! S“p. seg e T‘limaxg: 


{*71:49] 5: Clex‘a C Cimaxp.>.Cl ex'S“a C C‘limaxg (1} 
b.4#37'2.%216-4. Ob: Hp. D18pfaCa.d. do6SaC SMa (2) 
F.(1).(2)- #21632 Db: Hp. Dd: aeclosed‘P.3.S“ae closed‘Q (3) 
. asa a G = @ “Dts. Hp. d: Saeclosed*Q. >. 8S*ae closed‘P. 


[x72 or >. aeclosed'P (4) 
+ .(8).(4). 3+. Prop 
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#*216-412. F:. Se PsmorQ.aCC’P.diaeperfP.=, Stae perf*Q 
[¥216-41-411°36] 
> > 
#2165. +: PeSer.d.d's'P—PYMCPCS(sP) POP 
Dem. 
b . #212°184.*216:111.5 


a > 
b:Hp.P=A.>.0%s¢P— POOP =A. 8(5'PY POOP =A (1) 
.*212°632.3 
> > 
Fr Hp. qt P.P ave POOP >: Pia=lt(sPyYP as 


— 
[#2161]: qta.aCO'P. >. PM aed (PP HCP (2) 
F . (2). #212132. ¥37-265 .D 
> > 
brHp.q!P. Be U's'P — P“OP.D. Be 8(sP)POOP (8) 


F,(1).(3). 94. Prop 
*216°51. +:PeSer.3. 

~ 

3 (sP) POOP = 8 (5€P)C%s(P = Dt (s‘P) — fA = Cem P 
Dem. “4 
+.#212661.5+:Hp.«CD°P,.a2=1t(s'P)e. Dd. a=lt (SPP sie (1) 
F.¥20713. 4212133. +: Hp.xCDPe.c=lt(sPye.DetUA (2) 
F. (1) (2). #4026 > 
5 

trHp.«CD°Pe.qix.v=lt(s'P)xe.d.q ise. c=lt (s*P)P ssn. 


[#2161] yim 8 (SPY PHP (3) 
F.(3)-#2161. DE: Hp.d.8(6‘P)C%s*P C8 (5¢P) POP (4) 
be w2113 #21615 DE. 8 (6°PYP“OP C8 (5°P)CO's'P 6) 
F.(4) (5). Dh: Hp .D.8(sP) POP = 8 (5!P)O%sP (6) 
[*216°2.4212°133] = Dit (s§P)—uA (1) 


+. (6). (7).#212667 . D+. Prop 
#21652. +:PeSer.q!P.aCC'P.3.8 (s°P)Pa= P(Clex‘a—C‘maxp) 
Dem. 
~ ~ 
b.#2161.5b:. Hp. dived(s\P)Pa.s .(qe) eC Paglia =lt(s'P)e. 
> 
(#212-402] 


«(qe).e CP“a.qt«.vE! max (s'P) «oy = se. 


> 

[#71°47.437-2] =. (q8).-BCa.q!B.~E! max (s'PYP"B aye PAB : 
[4#40'5.4212-601]=.(q8). 8 Ca.qi@.~E! maxp'8.y= PB. 

[*37°6] = ge P““(Clex‘a— C‘maxp):. D+. Prop 


> > > > > 
#216521. +: PeSer.aCC*P. >. P(a— minp‘a) = Pa — min (s‘P)§ Pa 
Dem. 


> > > ~> = 
+. #71381 . *204'34.5b: Hp. >. P“(a— minp‘a) = Pa — Pminp‘a 
> > 
[#2126] = Beq— min (PY Pat D+. Prop 
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421653, +: PeSer.q!P.aC OP. >: aedenseP. =. PMta edense‘sP 
Dem. 
b.#216'52'3. = 


bi:Hp.>: Peg edense's‘P «= 
Peg min (pies C P*(Cl exfa—C‘maxp) + 
{*216°521]= : Pa aig a) C PCL ex‘a— CA‘maxp): 
[*376] = sea tales a. Dz. (GB). BC a.g1f.vE!maxy@.P'e=P“p: 


(*207521] =: aea—minp‘a.3,.(q8)-BCa.q!A.v=itpA: 
~> 
{*216-1] tmea—minp'a.D,.r¢ dpa: 


[#2163] =:aedense‘P:: 5+. Prop 
#21654. +:.PeSer.q!P.aCC'P. D:aeclosed‘P.=.8 (PP Cc Prtg 
Dem. 
+.#21652.5 
> = > 
Fir Hp.32.8(6'P)§ Pal Pa. =: P(Cl ex'a— CU ‘maxp) C Pas 
[#876] =: 8Ca.q!B.~E! maxp'B. Ds (qu). wea. P\G=Poos 
[207521] =:8Ca.q!8.~E!maxp'P. De. lip’Bea: 
[#21634] =:aeclosed‘P:: 3+. Prop 
#21655. +:,PeSer.q!P.aCO'P.D:aeclosed‘P.= Pq eclosed‘s‘P 
Dem. 
b. 421244. >b: Hp. >. Pa C imax (s“P) (1) 
F. (1) .#21254'32.35+. Prop 
#21656. +:.PeSer.qiP.aCOP.d:ae petiae Pe veapert's SP. 
7) (s‘P)' Pa = =Plae nila (SP)! Pa 
[(#216°53°54°55°36-37 . «212: 44 
#2166. bFia(V'P)y.=.a,yeDiltp.xPy [(*216:05)] 
#216601. F: ce DItpa UP. Peconnex.E! BSP. 3. (BP) (VSP) & 
Dem. 


F.420614, DE: Hp. >. BYP eDitp (1) 
b.#202-524. 3k: Hp. >. (BP) Pe (2) 
b.(1)-(2).#216°6. D+. Prop 

4216602. F: Peconnex. E! BP... C‘v‘P = Diltp — BYP = 8p'O'P 

Dem. 
b.#216°601 Dt: Hp.>.D'tp— BP CaP (1) 
2166. DE. OPC Dtp— BP (2) 
b.(1). (2) «#2162... Prop 
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#216603. F: P econnex. G7! V'P.D.O°V'P=D'ltp 


Dem. 
+.*20035.5+:Hp.>.D‘ltprel. 


[%202°55] D.CV'P =Ditp: D+, Prop 
#21661. +: PeSer. EI BP.3.0VSP=AP—-C'P,  [*216°602:21] 
#216611. f: PeSer. q!VSP.D.CCVSP = COP — UP, = 8p'C'P uBeP 
Dem. 
=> > 
b. *216°603 . #20614. 3+: Hp.>.O°V‘P =(D'ltp — BYP) -v BYP 


[#2162] =3C'P u BP (1) 
=> 

[a216-21] =(P—~O'P,) vu BP 

[493-103.424-412] =OP- OP, () 


b.(1).(2). 3+. Prop 
#216612. |: PeSer. 3. ‘VSP CU‘P— OP, 


Dem. 
~ 
b.#2166. DE.AVIPCD'tp— BP (1) 
=> 
b.*216-221.3+:Hp.>.Dltp—- BSP=C‘'P—AUP, (2) 


F.(1).(2). 94. Prop 
#21662. +:PeSer.qiV'P.>.CV'P=seqp“C'sgm‘P = ltp“Csgm‘P 
Dem. 
=> 
+ .*216-611.3+:Hp.>. OV‘ P= dp'C8P v BSP 


{%216°23] = seqpC‘sgm‘P vu BP ql) 
[*206'14] = seqp(C‘sgm‘P v t'A) (2) 
by421145. Dt: Hp. qid*P-—AP,.d.qgiD(PeaAD—e'a. 
[*212°153] >.qisgm‘P. 

[*212°155]} >.C‘sgm‘P vu f'A=CO%sgm‘P (3) 


F, (1). #21623 .#20717.9+: Hp. >. OV! =ltp\(C'agm'P uA) (4) 
F. (2). (8).(4). DF. Prop 


#216621. b: PeSer.q1V‘P.D.qtegm'P.q!C'P—C'P, [421662612] 


#217. ON SEGMENTS OF SUMS AND CONVERSES 


Summary of #217. 

The purpose of the present number is to prove *217:48, which is required 
in the theory of real numbers (Part VI, Section A), where Q will be the series 
of positive ratios including zero, P will be the series of negative ratios in the 
order from zero to — 00 (both excluded), a the real number zero, and Z and W 
two different series either of which may be taken as the series of negative and 
positive real numbers. In virtue of *217-48, these two series are ordinally 
similar. 


#271, bran O'Q=A.d.(PLQ)Ma= Pia [¥1601] 
#2ITIL, EirqtanQ.>. (PLO Ma= OP Oa [¥160-1] 
#21712, 1. D(PAQ) CD ‘Pe u(CP vy D'Qe [#217111 .x211-11] 
#21718. bi OP nOQaA.d.Pa=(P£Q)(a—C@) [42171] 


HQITIA big! Q“a.d. Pv Qa= (PQ) “a [217-11] 
#21715. 2 OPA CQ=A.D. DIP. (OP v)(D'Q.— A) CD(PAQ)e 
[x217-19-14] 
=>y = 
#21716, b:.O'PaAOQ=aA:ng! BP.v. Gg! BQ:>. OP eD(PAQ) 
—y 
Dem. +.*211301. Dk:wq! BP. D.C'PeD'P, Q 
—yv 
bh. (1). #21715. Db:Hp.wq!BP.>.CPeD(P£Q) — (2) 
> => 
b.eaQIT11L. « DErg! BQ.3.(P£Q)BQ=0P (3) 


+. (2).(8). D4. Prop 
yy > 
H2ITIT. bt. OP nOQaAteg! BP.vigtBQ:>. 
D(P4Q)e= D'Pe vu (XP uy"D'Qe [#21712-15'16] 
ey > 
#21718, £:.0SPnCQ=AinqiBP.v.ng!BQ:5. 


D(P4Q)e= D'Pe u (OP v)"(D'Qe— t'A) 
em, 


+ .#211301. Dkia gi BP. >. (OP uta CDPe (1) 
b. (1). #21717. 4: Hpwq!BP.D. 

D(PLQn= Dev (OP vy(D'Qe- UA) (2) 
beaQIT11.  Dkin Gi! BQ.qtanCQ.d.q!(PLO“an0'Q (8) 
bewQIT].  Dhing 1 BQ. gq! BP.anCQaA.d. (PHO) at OP (4) 
b.(8).(4). Dkr Hp.w gq! BQ. qiBeP.d.0PreD(P4Q. (5) 
b. (5). #2171215. 
F:Hp(5)..D(PAQ)e= D'Pe u (OP v)*(D'Qe— 4A) (6) 
+.(2).(6). DF. Prop 
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#2172, Fr C§PaCQ=A.D.D'Pen (OP v)(DQe— fA) =A 
Dem. 

F. «2111169 

b:D*Pe CCCP tae (OfP uv) (DQ — tA). Dd. qlanCQ:D+. Prop 


ae 
#21721, bigi BYP... D'Pea(O'P vy DQe=A 
Dem. 
F.e21111.3+:Hp.aweD*Pe.>.q!1C'P—a: D+. Prop 


421722, +:P,Qetransnconnex.*PaCQ=A.q!BP.q!BQ-2. 
s(PEQ)= SP H(CP vist 
Dem. 
+. *201-401 . *202401.5+:Hp.>.P Qe trans n connex (1) 
F. (1). #212'23. > 
bi: Hp. D:.a{s(P4Q)} 8. =:4,8eD(PLQ).aCB.atP: 
[*217:17-21]=:4,BeD'Pe.aCB.atB.v.aeD*P..Be(OfP vy DQ. 
v.a,8¢(CP vu)" DQ. aC Bat @: 
[#21223] s:a(stP)R.v.ae O's(P. Be OCP uyis'Q. 
v.a((OP u)iséQ} B: 
(K160°11] =:a{s'PA(C’P u)isQ] 82: Db. Prop 


1 


Sy => 
#21723. +s. P,Qetransnconnex.0°PaCQ=A:~qiB'P.v.~qiBQ:d. 


s(P4Q)= s‘PF(CP u)i(s*Q)0 (— eA) 
Dem. 


F.*201°401 . 202401 . *212-23.3 

biz Hp.D:.a{s(PLQ)} B.=:4,8eD(PRQ).aCB.atB: 

(#217:18-2]=:a,BeD‘Pe.aCB.atPR.v.aeD*P.. Be (O’Pu)(DQe—ttA). 

v.a, Be(CP ve) (DQ. — tA). aCB.atB: 

[4#212°23.%160°11] = : a {s‘P (CP v)3(sQ)P (-t6A)} Bir DE. Prop 

¥21724. bianB=A.D.(av)PCl{Bel—1 [x24-481] 

#21725. £:06PaCQ=A.D.(OP u)f O%s'Qe ((O“P vu) is‘Q} sindr (s‘Q) 
[217-24] 

#*2173. +: PeSer.>.D‘P. = Purp v DP. AL) — CU‘seqp 
[*211°32'302°41] 

217301. |: Pe Ser.yeD(P. AI) —C'seqp. 0. y= OP - Peep ¥) 


Dem. 
F .*211-727.3+:Hp.>..E! liminp(C'P —y). 


[*207°44.4211-7] > .C'P vy esect!P — C'minp. 
[4211-41-12] >. OP y= POP — 4): DF. Prop 
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#21781, +: PeSer.yeD‘Pe.D.(q8) «y= POP — P&B) 


Dem. 
F.*201'53 .> 
md e_ v => 
F:Hp.y=P%&.8=Pyic.3.0°P—P"B=Py fa. 
[¥201°53] >. P(CKP — Peg) =y a) 


F. (1). #2173301. Dk. Prop 
#21732. fi PeSer.>.D(P)e=(P)e(CP ~)"D' Pe 
Dem, P a o 
be aB1731 G- Db: Hp.d.D(P. (Pe (CP-)"D'P, (1) 
F.(1).*8716. 3+. Prop 
#21733. +. (a—)fPCifael—1 


Dem. 
b. #24402. 94: BCa.yCa.a—-B=a—y.3.8=4:9b. Prop 


#21734, +: PeSer.d.Pef(sect*P ~ 1itp) ell 


Dem. 

b.#2111. 3:4, Besect(P. P a= PM B.qI1B—a.d.qiB—P«“B qd) 
F.(1). #2057111. Dt: Hp. HAp(1).5.E!maxp'8 (2) 
b. #21156. Dt:Hp(2).d.ac Pg, (3) 
[*205°111.(2)] >. maxpBrea (4) 
£.(3). Db: Hp(2).d.0= PQ, 

[#205-22.(2).Hp] > .a=Pemaxp'g= Pa (5) 
F. (4). (5). ¥207-232. D+: Hp (2). >. maxp'8 = ltp a (8) 
+.(6). Transp. DF: Hp.a, Pesect*P . Pa = P“R.~WEtltpa.2.8Ca (7) 
Similarly +:Hp.«, @esect*P.P a= P"8.~E! tp B.d.aCB (8) 


F.(7).(8). 3: Hp.a, Besect‘P~AItp. Pa=P"8.d.a=B:D+. Prop 


421735. : PeSer.>.(P).|(C*P—-)f DPeel—>1 
Dem. 
b.#21733.D.(O*P ~)P D‘Peel—>1 (1) 
#21176. Db: Hp. >. (CP -)D‘ P, = soctP — Atl. 
[#217°34] D.(P)eh(CP-~)"D'Peel 1 (2) 
F.(1).(2). +. Prop 
421736, +: PeSer.d.s‘P=(P)3(C*P—)3 Cnv's§P 
Dem. 
+ #21223 «> 
bs. Hp. 3:8 (s‘P)a.y=PM(OCP —a).8=P“(C'P— 8). 9. 
BCa.at6.0'P—~aCO'P—Zg. 
[¥87-2.4217°35] Dy C8.748. 
[¥212-28] D.y(s!P)8 Q 
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F. (1). Dk: Hp.>.(P)s (OP Cav's!P E sP (2) 
F.(1). Transp. > 

b: Hp. 8(s‘P)y.y=P(O'P— a). 8=P(O"P — 8) .0, 8 eD'Pe. >. aC 8 (3) 
b.#217°35 « DF: Hp(3).d.a48 (4) 
b.(3). (4) 4212-23. Fs Hp(3). >. 8 ((P)3(O*P —)} Cnv'sP} y (5) 
F. #21731. br Hp.3(s'P)y Ds 


(qa, 8) «y= POP —a).8= P“(C'P—8).0,8eD'P. (6) 
b.(5).(6)« DF: Hp. >. s*P €(P)3(O"P -)i Cav's*P (7) 
F.(2).(7)«Db. Prop 
#21787, kz PeSer. >. (P).| (OP —) PD‘ Pe e (s*P) smmoF (Cav's‘P) 
[#217:35-36] 
#21738, :PeSer.d.(s‘P)smor(Cnv's*P) [#21737] 
#74, £1 P,QeSer.C’PaCQ=A.EIBP.EIBQ.D. 
s(P4.Q)=(P)3 (CP -)3 Cnv's*PR(OP vy sQ [#2172236] 
¥QI74L. bs. P,QeSer. OP a C'Q=A:n EIB P.v.v EL BQ:>. 
s(P4Q)=(P)3(C*P -)3 Cnv's!P (CP v)i(s*Q)t (— A) 
[#217-23-36] 
#27411, bs Hp ¥217-41.3. [s(PAQIL(CuA)= 
(P)3 (OP Cav'(sP)f (— LDP) EOP uh 6Q)E (— A) 
{#217-41] 
421742, +: Hpa217-41.>.(s(PLQIE [- cA —eD(P4Q)} = 


(P)3 (C&P —)3 Cav'(s*PYb (— A — UDP) 4 OP 
(OP us (s*Q)E(— fA — DQ) [4217-411] 
#21743. +: P,QeSer.PaCQ=A:v EI BP.v. vs E! BQ: 
X=(sP)f (uA — UD*P). F=(s'Q)E (eA — DQ). 
a= is(P FQIL {[-vA-—UD(P4Q)}. 
WeHX patYiaveXvO'¥.. 
(Bye (OP -)P (DP. 1A - ED‘P) w (D'P) | a 
w (CP vu) P(D'Qe— UK A—UDQ)e Zamir Wo [#217°87-25-42] 
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ON CONVERGENCE, AND THE LIMITS OF FUNCTIONS 
Summary of Section C. 


The purpose of this section is to express in a general form the definitions 
of convergence, the limits of functions, the continuity of functions, and 
kindred notions, and to give such elementary consequences of these definitions 
as may seem illustrative. 


In the definitions usually given in treatises on analysis, it is assumed that 
both the arguments and the values of the function are numbers of some kind, 
generally real numbers, and limits are taken with respect to the order of 
magnitude. There is, however, nothing essential in the definitions to demand 
so narrow a hypothesis, What is essential is that the arguments should be 
given as belonging to a series, and that the values should also be given as 
belonging to a series, which need not be the same series as that to which the 
arguments belong. In what follows, therefore, we assume that all the possible 
arguments to our function, or at any rate all the arguments which we 
consider, belong to the field of a certain relation Q, which, in cases where our 
definitions are useful, will be a serial relation; we assume similarly that the 
values of our function, at least for arguments belonging to C*Q, belong to the 
field of a relation P, which, in all important cases, will be a serial relation. 
The function itself we represent by the relation of the value to the argument; 
that is, the relation of f(x) to « is to be R, so that, if the function is one- 
valued, f(z)=R‘x. (If the function is not one-valued, f(x) is any member 


a 
of R‘x.) Thus we may speak of R as the function, Q as the argument-series, 
and P as the value-series. 


To take an illustration: Suppose we are given a set of real numbers 
1, Gg, ++. y,..., Where » may be any finite integer. Here «, is a function 
of v; the argument-series is that of the finite integers in order of magnitude, 
the value-series is that of the real numbers (or any part of this series which 
contains all the values %, a,...%,,...) The function # is the relation of 
2, to v, so that z,= Rv. In this case, calling the argument-series Q and 
the value-series P (as will be done throughout this section), we have 
d‘R=C'Q=the finite integers, R“C'Q=D‘R=the class a,, a, ... a, », 
and RiQ=the series ,, a, ... 2),.... The series which arranges 2, a, ... 
z,,... in the order of their own magnitudes, instead of the order of magnitude 
of their suffixes, is P[ D‘R or Pf R“C%Q. This will not be equal to RQ 
unless the function is one which continually increases, ze. one for which 
Sv... 
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In general, the propositions of the present section are only important 
when P and Q are series. If our assertions are not to be trivial, we must 
have q!C'Qn Q‘R and q!C‘Pn BOQ, ie. there must be arguments in 
C*Q which lead to values in C*P. It will also generally happen that the 
function is one-valued, i.e. that Rel—»Cls. But the above conditions, 
though necessary to the importance of our propositions, are in general much 
narrower than the hypotheses that are necessary for the truth of our 
propositions. 


The present section is wholly self-contained, that is to say, its propositions 
are not referred to in the sequel. We have, in this section, carried the 
subject as far as seemed suitable for the present work; its further develop- 
ment belongs to treatises on analysis. 


We begin (*230) with a general conception which is involved in the 
notion of convergency. We shall say that the values of a function converge 
(or, simply, that the function itself converges) into the class a, if for late 
enough arguments the values always belong to the class a, ze. if there is a 
term y such that, if yQ42, R‘z ea, or, to avoid assuming that # is one-valued, 


a 
R‘zCa. Thus the values of the function converge into the class a if 
< 
(ay) yeCQan TR. R“Qyfy Ca. 
If a term y is one such that, from y onward, all values belong to a, we write 
ye RQ, & (where “cn” stands for “convergent”), t.e. we put 


ROna=9 (ye O'Qn GR. R“Qyty Ca} De 
When there is such a y, .e. when the function converges into the class a, we 
write “RQcna,” 1.e. we put, 
Qon= RA(G! RQna) Dé 
“RQm a” may be read “R is Q-convergent into a.” This means that for 
arguments sufficiently late in the Q-series, the value of the function is always 


a member of a Thus eg. if R‘e=1/#, and a=9(y<1), RQ,a, and if 
2>1, ze RQno. 


We next consider (*231) limiting sections and ultimate oscillations of 
functions. For this purpose, we proceed as follows. If RQ,,a, then Py‘‘a 
is a section of the P-series such that, for sufficiently late arguments, the 
values of the function must belong to Py‘‘a. Hence if we take all possible 
values of a for which RQ,,@, and take the logical product of all the resulting 
sections P,“‘a, we get a section containing all the “ultimate” values of the 
function; moreover this is obviously the smallest section which has this 
property, because, if we take any section 8 which contains all the “ultimate” 
values, we have RQ,, 8, and P,y“‘8=8, and therefore the logical product in 
question is contained in 8. The logical product in question is 


piglet 
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In order to avoid trivial exceptions which arise when OQ and*R=A, we 
define the “limiting section” as 


e 
pe PK Qn Ra OP. 

This “limiting section” we denote by PR,,Q, where the letters “se” stand 

for “section.” Thus we put 


fae <_ 
PR = p' Py Qe R anCP DE 


PR,,Q is the class of those members x of the series P which are such 
that, given any argument however late, there are still arguments as late 
or later for which the value of the function is not less than 2. In like 


manner, PR,,@Q, which we will call the “limiting upper section,” consists of 
those members « of the series P which are such that, given any argument 
however late, there are still arguments as late or later for which the value of 
the function is not greater than « Thus the product of PR,,Q and PR,.Q 
is the smallest stretch which contains all the “ultimate” values of the 
function, ie. it is the stretch consisting of those terms 2 which are such that, 
however late an argument we take, there are arguments as late or later for 
which the value of the function is not greater than 2, and also arguments 
for which it is not less than x Thus the product of PR,,.Q and PR,.Q 
represents what we may call the “ultimate oscillation” of the function. We 
shall denote it by PR,,Q, putting 
ne PRQ= PRQ n PR,Q Df 
We may express PR,,Q in a form not involving Q,,, namely (#231°12) 
ay <- 
PR = pi P yl RQ f (CQ 0 TER) 0 COP. 
This formula for PR,,.@ may be elucidated by the following considerations. 
a 
If y is any member of CQ, then CU‘ Rn Qy‘y consists of all arguments 
e 
from y onwards. Hence R“(A'Rn Qy‘y), ie. RM Qy‘y, consists of all values 
— 
of the function for arguments from y onwards. Hence Py R“Q,‘y consists 
of all members of the P-series which are equalled or surpassed by values of 
the function for arguments equal to or later than y. Now ifa term « belongs 
to the class PyRQ,‘y for every argument y, it is a term such that, 
however far up the argument-series Q we go, we shall still find values as 
great as or greater than 2. When this is the case, we may say that 2 is 
P-persistent. In this case, « may be regarded as not greater than the 
“ultimate” values of the function. Now the class of arguments concerned 
is C‘°Qn G‘R. Hence the class of P-persistent terms is 
e 
pe Py SE ROO E(O”D n aR), 

where the factor C‘P may be added in order to accommodate the formula to 
the trivial case where C‘Qn U‘R=A (the only case in which the factor C‘P 
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makes any difference). Thus the class of P-persistent terms is the limiting 


section. Similarly the P-persistent terms are the limiting upper section. 
These are the terms which are not less than the “ultimate” values of the 
fanction. Thus the product PR,,@ is the terms which are neither greater 
than all ultimate values, nor less; hence it is the class of ultimate values, 
which may be appropriately called the “ultimate oscillation.” 


It will be seen that PR,,Q, being the product of an upper and lower 
section, is itself a stretch: we may call it (alternatively) the “limiting 
siretch.” It consists of all members « of the P-series such that the function 
does not, however great we make the argument, become and remain less 
than 2, nor yet become and remain greater than x. If PR,,Q consists of a 
single term, that term is the limit of the function as the argument travels up 
the series Q. (This is, of course, in general different from the limit of the 
values of the function considered simply as a class of members of C‘P, we. it 
is different from Itp‘R“C°Q.) If PR,,Q does not consist of a single term or 
none, we shall have two limits to consider, namely limaxp‘PR,,Q and 
liminp‘PR,.Q, which give the two boundaries of the ultimate values of the 
function. When the class PR,,@Q is null, the function may be regarded as 


having a definite limit: in this case, PR,.Q and P#,.Q are the two parts of 
an “irrational” Dedekind cut, ¢.e, a cut in which the first portion has no 
maximum and the second no minimum. Thus PR,,Q¢0v 1 is the condition 
for a definite limit of the function as the argument grows indefinitely. 


The above gives the generalization of the limit of a function when the 
argument may be any member of C‘Qn G‘R. In order to obtain limits for 
other classes of arguments, it is only necessary, as a rule, to limit the field of 
Q to the class of arguments in question, ze. to replace Q by Qf a (cf. *232). 
In order, however, to avoid vexatious and trivial exceptions arising when ae 1, 
it is more convenient to replace Q by Qy[ a. Thus the section of P defined 
by the class of arguments a is PR,,(Qyf a). We put 

(PRQ)sc'a = PRye (Qutb a) De. 

This definition is useful because we very often wish to be able to exhibit the 
limiting section defined by « as a function of a. The section (PRQ),‘a is- 
such that, if « is any member of it, and y is any argument belonging to a, 
there is in a an argument equal to or later than y, for which the function 
has a value equal to or later than 2 Thus 2 is such that the function does 
not ultimately become less than x as the argument increases in the class a. 
The limit or maximum of such terms as 2 is the limit or maximum of the 
ultimate values of the function as the argument approaches the top of a. 
The class of ultimate values is 


(PRQ),oan (PRQ),fa, which we call (PRQ).,fa. 


SECTION c} ON CONVERGENCE, AND THE LIMITS OF FUNCTIONS 691 


If the function has a definite limit as the argument increases in «, the class of 
ultimate values must not contain more than one term. 

Our next number (#233) deals with the limit of a function for a given 
argument. The limit or maximum of the class of ultimate values is not 
necessarily the value for the limit of a. It will be found, however, that, with 
a suitable hypothesis, the limiting section (PRQ),‘a depends only upon 
Qxé(an GR), and if an (‘Rk has no maximum, it depends only upon 
Q(and‘R). Thus ifan ‘FR and 8 C‘R both have the same limit, they 
define the same limiting section. Hence if @ is the limit of «, the limiting 


section of a is (PRQ),.“Q‘a. The upper limit of this is the upper limit of the 
ultimate values as the argument approaches a from below. We put 
-_. > 
R(PQ)‘a=limaxp'(PRQ)q“Q'a Df. 
We have thus four limits of the function as the argument approaches a, 
namely 
E(PQ)a, R(PQ) a, R(PQ)a, R(PQ)a. 

If RB is a continuous function, these four are all equal to R‘a; but in general 
they are different’ from each other and from R‘a. The subject of the con- 


tinuity of functions is dealt with in #234. When R(PQ)'a= R(PQ)a, each 
is the limit of the function for the argument a for approaches from below. It 
should be observed that if R is defined for a set of arguments which are dense 


in Q, te. if &<A‘R= CQ, then R(PQ)‘a and R(PQ)a are defined for all 
arguments in O*Q. 


44—2 


#230. ON CONVERGENTS 
Summary of #230. 


In the present number, we have to consider the notion of a function 
converging into a given class, or, as we may express it, the notion that the 
value of the function “ultimately” belongs to the given class. If R is the 
function in question, a the given class, and Q a series to which the arguments 
belong, we say that “R is Q-convergent into a” if there is an argument y 
such that, for all arguments from y onward (in the Q-order), the value of the 
function isan a. That is, R is Q-convergent into a if 

(ay) -y CQ n UR ROgty Ca. 
A term y which is of this nature is said to belong to the class RQ,,. Thus 
Ris Q-convergent into a if the class RQ,,a is not null. Hence we have the 
following pair of definitions: 
RQna=C'Qa Ra 9 (Ri Qyty Ca) Df, 
A = 
Qen ei kag ! RQen%) Df. 

Tn all the cases that have any importance, R will be a one-valued function 
(i.e. a one-many relation), Q will be a series, and O‘Qq C‘R will be a class 
having no maximum in Q. For, if O‘@ a C‘# has a maximum in Q, then the 
classes into which R converges are simply those to which the value for this 
maximum belongs. The following propositions, though only important under 
the above circumstances, are in general true under much wider hypotheses. 

It is possible to generalize still further the notion of convergence, so as 
to apply to any property which belongs to R when confined to sufficiently 
late arguments. For this purpose, we have to consider RE Qs, where 2 is 
to be confined to terms later than or equal to some term y. If, under these 


circumstances, RE Qyte always belongs to the class \, we may say that R 
ultimately becomes a >. We may put 
BO nh =9 {y €O°Qn CER: Oye De BE Qyfzer} Df, 
Qeng = BE (of ! RQing) Dé. 
This is the general conception of which @,, is a particular case; in fact, 
Ft RQ =» RQng (D*Cl'a), 
Qeng Will have to be used when the ultimate properties of the function with 


which we are concerned are not properties of its values; but when they are 
properties of its values, Q,,, enables us to deal with them more easily than Qone 


In this number, we prove the following propositions among others: 
4230-171. Fy ¢ ROun (Py) «Dae Py RE Qyly 
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#230211. Fi.aC B.D: RQ,a.D.RQn8 

#230253, 1. R“OQ Cad: RQna-s-GlOQaaR. 

AE RSCQ. = (BP OQ) 

42304. . RQ = CR mn Qy!(RQmn®) 

#23042. |:.Q,¢connex. >: RQ.,.a. RQn8 + =» RQn (an B) 

#23053. | :. Qe transnconnex, EI maxgO‘R.3: RQ.a.= .Femaxg''RCa 


In virtue of this proposition, the case when E! maxg‘C‘F is uninteresting, 
and in order to obtain interesting interpretations of our propositions, it is 
necessary to suppose that (‘R has no maximum. Similarly when, in later 


Wout 


numbers, we consider d‘Rn On, we shall only obtain interesting results 
when this has no maximum, which requires that @ should be a compact 
series (Q?= Q) and CI‘ should be dense in Q. These assumptions are, how- 
ever, not usually required for the truth of our propositions. 


423001. RQna=C'QnU'Ba9(RMQyty Ca) Df 
#23002. Q.,= RA(q! RO,.2) DE 
42301, bry eROga.s.yeOQn CR. RQyty Ca [(*23001)] 


#23011. F:RQ,a-=- Gq! RQna-=-(qy)-yeCQaMR. Be Qyfy Ca 
[(*230-02)] 
= - es 
#23012. biye RQ nt. 2. Qy'yn GRC RQ,.0 
Dem. 
b.280°1 . #2011415. > 
a <— &- 7& 
Frye RQ t- yQyz. 2eAR Dd. ROpty Ca. ze CQ n Th. Qyfe C Oxy . 


[437-2] D.2eOQnUR. Ri Qy'z Ca. 
{*230°1] D.2¢€RQ.a: 5+. Prop 
#23018. +. RQna= (BE CQ) Qene 
Dem. 
b. 43564. Dh. CQn R= CQ n CXR CQ) (1) 
be 87421. DE. B“Qyty = (BE OQ) Oyty (2) 


F. (1). (2). #280°1. 3+. Prop 
#230131, Fs RE C'Q= TP CQ. D-RQna=TQna [23013] 
#23014. Hsye RQna.2.-qlCQnCdR.qlan DR 
Dem. 
b.#2801. 9: Hp.d.yeC'QaM'R. KiyCa. 
[#83°41] D.yeCOnTR. Gg! Ry. RyCa. 
[#22°621.483:15] D. ql! O'Qa UR. qlanD‘R:5+. Prop 
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#230141. F. RQ,A=A [*230°14 . Transp] 
#230142. br. R=A.v.Q=A:3.RQ,a=A [*23014. Transp. #33'24] 
#23015. f:RQ.a.d.qiOQaMdR.qtan DR [*230°14-11] 
#230151. b: RQ... Dd. GIR. G!Q.qha [#230°15] 
#230152. Fs) RoA.v. Q=A.vi.a=A:3.0(RQ.a) [230151 . Transp] 
423016. +. RQna=R(Qyt TR), 4 


Dem. 
428014. DESO QnMR=A.D.RQnt=A.R(Qyf OR) a=A (1) 
b.xQ041. DkrqGlOQnGR.>.C(L AR) =C’QnaR (2) 
- — 
£48726. DE. R“Qyty = R«(Qyty n OR) (3) 
_ ———— 
b. (3) #85102. Dye MR. Dd. BMOyty = ROyt UR y (4) 


b. (2). (4) #28071. 3 
biegiCQn ‘RB. diye RQna- 
[#2801] 
F.(1).(5). DF. Prop 
#230161. +: Qyt O'R =Syl O'R. Dd. RQna=RSqn% [230-16] 
428017. biyeCQnG'R.d. ql B“Qyty 

Dem. 


-yeO(Qyt UR) a O'R. R“Qy ER y Ca. 
“ye B(Q¢f TR)na (5) 


49012-48341. Dh: Hp.D.yeQy'y a! Ry. 

[*37°18] D.q! R“Qy'y: Dt. Prop 
4230171. bs € RQ en (Pain). D. 20 Py R Qyfy 

Dem. 

+.#280117.2+:Hp.d.g! By. BE Oaty CPyfn. 

[22621] D+ Gt RO g'y 0 Pye 

437-46] Dd. ve Py R“Qyfy: D+. Pro 

* *Y Pp 

#23021, t:aCB.>.RQ.aC ROR [230°1 . #2244] 
#230211. bra B.D! RQmas D+ RQnB [¥230-21-11] 
423022. . RQ ma ¥ RQ C RQen(av 8) [*230-21] 
#230221. by. RQ na Vs RQ 82 2+RQca(av 8) [*230-211] 
#23023. |. RG nan RQon 8 = RQen(an B) 


Dem. 
be #2801. Dt rye RQm an Re B.=-yelQn UR. RQy'yCa. RQy'yC 8 
[Comp.#230'1] =.ye RQ,.(an 8): D+. Prop 


#280231. F: RQ.n(a0 8). D+ BQnt+RQon8 [%230°211] 
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#23024. +. RQna0 RQn(8-a)=A [#*23028-141] 


*230°25. +f. BQn4=FQen (anD‘R)=RQ., (an B<Qy CR) = RO pa(a nR“C®Q) 
Dem. 


FemB715. Db RQgiy Ca. 2 RQyty Can DR (1) 
Recs ohne Debryye Bing Al Be a 

[Comp] Bie 3: RQ Ca. =. RQ 'y Can RQOR (2) 
+. *37218.5F. REO CRO”. = 

[Comp] Dh: RSQ fy Ca. =. BQy'y Can RSCQ (3) 


(1). (2). (8). #2801. DF. Prop 
#230261. +. RQ,.(R“OQ) = O' Qn GR 
Dem. 
e_ 
b &BS15 2872. DE (y). ROQyiy C ROE qa) 
F. (1). #2301. 3+. Prop 
#230262, Fr RO Ca. Dd. BQ na=C'Qn AR [*23025251] 


#230263. bs. RCCQCa.D: RQ yt. =. Gi CQndk.=. 
qi ReCQ.s. qt RP OQ) [2380-11252 . «37-401 . *35°64] 
#23031. 8 RQ ae C RQen (8x) 
Dem. a & 
+. #28021. DF :aex. 3. RQ na C RQn(s'e): I+. Prop 
4280311. b « Quake C Qmnftl 
Dem. 
F .#280°211. Db saems RQ ts D» RQ, (8%)? DE. Prop 


#23032. +. RQ (pix) = C'Qn TB a pRQ gn 


Dem. 
+. %2301.3 
Ft.y¢ RO (p'n) =r yeCQn UR. RB OgtyC pie 
[*40°15] sryeOQn Td Riack. da. RQ YCat = 
[#4°73] sryeOQn A Riaex.d,.yeCQndR. R“Qyy Cas 
[*230-1] sryeOQnd'RapRQ,. «Db. Prop 


#230321. bite.» RQe(p%«) =p RQ ent» p’RQenie CO™Yn AR 


Dem. a 
F. #2301. Dhraen.De-RQmacCC'Qn OR (1) 


bh. (1). #4023151. DF: Hp. >. pRO ne COOn OH (2) 
b. (2). #23032. D+. Prop 


696 SERIES [PART V 


42304, F. RQna= O'R n Qu RQona) 


Dem. 
F .#2301] . *90°91. 3. RQ,a CGR. RQ.a€ Ou“ RQen tt) (1) 
F. «201-1415. Dh: RQyty Cay Qye « >. RQyleCa (2) 
b. (2). #2301. Dkiye RQuna. yQye. 2€AC RD. ce RQ nat 
[*87°105] Dt.adRa Qu!“ RQ on) C RQ (3) 


F.(1).(8). DF. Prop 


423041. br. Gy econnex. >: RQ 4 C RQn8 «Vs RQm8 C RQ na 
Dem. 
b. 211-61. #201-15.> 
bs, Bp. 3: Q!(RQana) C Qie(RQen 8) + ¥ « One (RQen 8) C Qe" (BQen) # 
[Fact.%230°4] Ds RQen% C RQn8 +V+ RQ 8 C RQ. ai Dt. Prop 


#23042. +:.Q, econnex. 3: RQu 4. RY B+ = -RQn (an 8) 


Dem} 
b 428041. bs. Hp. 3: RQ, 40 RQ 8 =RQent V+ RQ RQmnB=RQen 83 
[*230:23] D: RQe.(a0 B)= RQ, a- V+ RQon (an 8) = RQn 8! 
[280-11] 2: RQma- RQ_ 8+ D+ RQun(an 8) re) 


F .(1). *230°231. >. Prop ip 
#230421. + :Qy econnex.anB=A.D.~{RQu a+ RQnB} [23042141] 


423051. Fs RQena. D- p'QyO'Qa TRC RO na 


Dem. 
< _— 
F.#20114. 3b yeCQn MR. ReOgty C azepQy OQ. >. R«Qy'2 Ca (1) 
ae 
b. 230-151 . #40°62.3b: Hp. Dd. p'Qy OQ CO™ (2) 
a 


b.(1).(2).*2801. Dt: Hp. ye RQna.zep'QyCQndR.>. 


- 
zeOQnGR. RYQyfeCa (8) 
F. (3). ¥280-1-11.3+. Prop 


<= - ne 
#230511. Fs yep 'Qy CO. 2. Qyhy = p'Qy CQ 


Dem. 
- = 
b.44012. Db: Hp. Ds pQy OQ COyty (1) 
+. #4053. 3t:.Hp. 26 Qy’Y- D1 CQ. Dr. cQyy  YQyzt 
[*201:15] Di reC'Q.D,. cQyz: 
[40°53] Di ze piyiOQ (2) 


+.(1).(2). 34. Prop 
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4230512. bs UR p'Oy CQ C Raya. D« Rpg OQ Ca 

Dem. 
b.#2801. Dba Hp. Diy eM Rn pQyi OQ. >. RQyty Ca 
[#230°511] Dd. RY py OQ Ca 
b.(1).#1028. DF: Hp. gt Rn pdy OQ. 2d. Rpg COQ Ca 
b.4872629. Dk: RapQyOQ=A.>. RpQKOge. 
[424-12] >. Rep Qy OQ Ca 
F.(2).(8). DF. Prop 


4230513. br. 1 Q- Ds RM py OO Ca. =. OR py OQC RO qa 


Dem. 
ae 
b.#280°511. 3 bs. ye MR pQy"CQ. 9: 
va 


Rep QyOQ Cad. yeh. RQyty Ca 


F.(1) «#4062. #2301. > 

— oa ss 
bigiQ. ye Ra py CQ. Rpg CE Ca. d.ye RQna 
F.(2),Comm. DF Gi@.2: 


R“pQy OQ Ca. d.QR np QeCQ C RQ 


F . (3) .#280°512. 4. Prop 


4230514. bq Q. Tp OgO'On TR. Rp Oy OQCa. 2+ RQnt 


Dem. 
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(1) 
(2) 


8) 


(1) 
(2) 


(3) 


— 2 
b .#230°518. Db: Hp. >. py O'Qa UR. py OQ a TRC RQ nt 


[#24°58.%230-11] >. RQ 4: D+. Prop 


- = - - 
#23052. iq !OQn OR. t d' Ra py s RQ Ke - eC Qa RD. piee ork h 


Dem, 
<- |. 
b. #4016. Dt mee. Dd. pQyl a RQoak« Cp Oy RQen 
F. (1). 40°61. 
-_ ee y i 
bs. Hp. DiaeweD. pQyl'sRQent« C Qy RQen a » 


[Fact.%230°4] Dd. AR a pQy8° RQ nf C RQ nat 

<_ os 
[*40-44] 2:0'Ra P'Qa RQ te Cp RQ: 
[*230°321] Diqle. D.C Ra pQyis Rene C RQn(p'r) « 
(Hp.*24'58] D.q! FQon(P**) 7 
[*230°11]} 3. pice Qe Rh 


e 
b . #280253 4402. Db: gi OCQaMTR.c=A.D. pee QR 
F.(2).(8).3+. Prop 


(1) 


(2) 
(3) 
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~ 
#230°53, Fs. Qetransn connex. E! max A'R.3: RQ na.=+ Rimaxy’ A RCa 
Dem. 


f. #205111. Dt: Hp.d.maxSAReOCQn aR (9) 
b. #2057141 . #20118. >: Hp.> » Ogimmaxy UR ad‘ R=tmaxAR. 
[*37'26.%53'301] - >. R«(Qy‘maxgC'R) = Fmaxg'R (2) 
F.(1).(2). Db: Hp. D>: Remaxg O'R Ca. >. maxg'M'Re (RQ) + 
[*230°11] 2. RQen% (8) 
+. #20536. 3b: Hp. DiyeCQaR, RE Qyfy Ca.d /ROyémaxyERCa A 
[#230711] D2 RQn a. Ds RQy imax AR Ca. 

[2] >. Bimaxo(U'B Ca (4) 


F. (3).(4). 2. Prop 
- - 
#23054. +:. Qetransa connex. E! maxgG@'R.D2e CQ, {R= pee Qn R 
Dem. 
- > 
+. #230538. DbF: Hp. di cCQaR.Staex. Da. RmaxsARCa: 
= 
[*40°15} Remax SARC ples 
- 
[23053] =ipiee Qo’ R2: D+. Prop 


231. LIMITING SECTIONS AND ULTIMATE OSCILLATION 
OF A FUNCTION 

Summary of #231. 

In the present number we are concerned with the limiting section defined 
in a series P, to which the values of a function & belong, as the arguments 
to the function increase in the argument-series Q. That is, we are concerned 
with the section consisting of those terms « of C‘P which are such that, 
however great the argument to R becomes, there are still values at least as 
great as 2 Such terms as # may be said to be P-persistent; x is P-persistent 
if the function does not ultimately become and remain less than # The 
class of persistent terms is called the limiting section. The limiting section 
may be defined as follows. If a is any class into which R is Q-convergent, 
then the section P,“‘a is such that the values of the function are ultimately 
contained in it. The product of such terms as P,“‘a is the smallest section 
having this property. Hence if « be any member of this section, then 
ultimately (ze. for arguments far enough along the Q series) the values of the 
function R do not persistently remain less than 2 in the P series. Thus the 
product of such terms as Py “‘a is the limiting section, and we may therefore put 


= < 
PRQ =p Pe “Quik a OP Dé, 
where the letters “sc” are intended to suggest “section.” (The factor C*P 
o- 
on the right is superfluous except when Q,,‘2 = A, ve. when OQ n U‘R= A.) 


We will call the limiting section of B, ue. PR,.Q, the “limiting upper 


section.” It will be seen that if x is a member of PR,,Q, then the function does 
not ultimately become and remain, as far as some of its arguments are concerned, 
greater than a, that is, however great we make the argument, we still find 


values not greater than #. Hence if # belongs to both PR,,Q and PR,.Q, 
we find values not less than 2 and values not greater than # however great we 


make the argument. This class, P,Q» PR,,Q, may therefore be regarded 
as the class of ultimate values of the function, We will call it the “ultimate 
oscillation” of the function, since, as the argument approaches « , the value 
of the function ultimately oscillates in this stretch of P, and no smaller stretch 
has the same property. We will denote this class by “PR,,Q,” where “os” 
is intended to suggest “oscillation.” PR,,Q is a stretch in C‘P, because it is 
the product of two sections. Hence we shall also call it the “limiting stretch.” 
When the function has a definite limit as the argument approaches o , the 
limiting stretch must not contain more than one term. 

Limits of functions for arguments z in the middle of 0‘Qq A‘R, which 
will be considered later, are derived from the limits considered in the present 
number by limiting the field of Q to predecessors of «. 
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In this number we prove the following propositions among others: 
#231103. t . PR Q= Py RaQ = PyhoaQ 
e28112. +. PRQ=p'P yi BR Qy!(O'Q n UR) 0 OP 
«23113, +. PR,.Q esect'P 
«231141. +: Q, econnex . RQ, (P,f2) -D.2ePR,Q 
«231191. +: P,, econnex. y!PR.Q->- 
PRyQ = Pa (PR Q) « PP RaQ) = Pro PR) 
231192. t:. P,,econnex.y! P#.Q- 4! PRQ - > 
PR,.Q= PRyQ’ .=-PR,.Q= PRuoQ « PRQ = PReQ’ 
#231193. +: P,,eSer. PR.Qel.>. 
PR,Q = 'maxp'(PR,Q) = mine PRqgQ) 
This proposition is frequently used in the present section. 


In all ordinary circumstances, we shall have CP = PR,,Q v PR,.Q, St) 
that if the upper and lower limiting sections do not have more than one 
term in common (ie. if PR,,Qe1), they define a Dedekind cut in P. The 
following propositions are concerned with this fact: 

231-202. +: Py, Qyeconnex .q | PR,,Q. >. C'P —(PRaQ) C PRuQ 
#231-21. +: Py,Qy econnex.C'Qn ARC Oy ROP +2. 

COP = PRaQ v PRQ 
#231-22. +: Py, Qyeconnex. R“OQCOP.D.0'P= PR,.Qu PRaQ 

Note that “R“0*Q C C*P” is the hypothesis that for arguments belonging 
to O*Q, the values belong to C‘P. 


#23124. +: Pyeconnex . BOQ COP. {RQ (Ly!2)} «Byte © PR Q 


23101. PR,.Q=p'Py“Qa' Ra OP pf 
#23102. PR, =PR,Q a PR, Df 
42311. +. PR Q=p'Py“QgRaOP — [(#281-01)] 
#231-101. +. PR,,Q = PR.Q a PR,Q [(#231-02)] 


#231102. |. PR..Q= Py. RaQ = Py RQ  — [#231'1. #91-602 . *90'4] 
#231103. +. PR..Q= Poo RaQ = Py RoeQ —_ [*281°102"101] 
#23111. bse PR Qs! RQnat- Dave Pyaree CP [%281-1] 


#231111. bs. ce PR,.Q.=ryeOQa OUR. R yy € a. Dy,o-vePy a: xeCP 
(%231-11 . *280-11] 
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#231112. bs. ce PR Qs sty eO'Qn UR. Dy- we Py REO yty : we OP 

Dem. 
b.*231°111 . #22°42.5 

zs —- 
biwePR.Q-IiyeOQn AR. dD,. re Py ROQg'y ize OP (1) 
b.487'2.3 
breyeOQaGR.d,. we Py REO yty raeCP:D: 
yeOQndRk, REO C a. Dya- te Py arxeCP: 
[#231111] D: ve PR,.Q (2) 
F.(1).(2). 2+. Prop 
#281113. bs. 2e PRQ.=1ycOQa UR. ry. 2(Py|B| Quy tae OP 
(4231-112 . 437-3] 

If & is a one-valued function (i.e. a one-many relation), and if we write 

aga for aPya’', and yy’ for yQxy’, we have 
we PR,.Q.=ryeCQnGR.dy.(qy)-yRy e@QRy' :eeOP. 
That is, « belongs to PR,.@Q if, for any argument y in CQ, we can find an 
argument y’, greater than or equal to y, for‘which the value is greater than 
or equal to a. 
ee & 

#28112. b. PR Q=p' Py BO (C'Qa GR) a COP [231-112] 

This is usually the most convenient formula for PR,.Q. 
#231121. Fig i CQndR.D. 

ne & 
PR,Q =p Py Qn R = piP yg ROOM OD n a‘R) 


Dem. 
e 
F .#230°253.D+:Hp.d.q! Quik. 
a - 
440°23.487-47 Di p' Py" Qok RC Py “ORs 
* * 
_— 
[«40°38,%37°16] Dp Pei Qo RC OP (1) 
- ~ 
f.#40-28.b: Hp. Dp Py RH Qy (Oa R) Co Py RO (O'On TR) 
[#40°38.437-16] cop (2) 


f.(1).(2). #281112. 94. Prop 
423113, +. PR,Qesect*P [¥211°631-18 . ¥231-12] 
#231181. +. PR,.QCCP — [*281-1] 


#231132. F: qt CQOndR.>. PR,.Q a Py ROG OR 


Dem. 
b . #4028 . 4231-121. +: Hp. >. PR,.QC Py Re (OQ adR) 
ae 
[40°38] Cc Py BESO gt (OD n aR) 


[*40°52.437'265] C Py RQy CR: D+. Prop 
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49311838. : OP and‘R=A.2.PR,,Q=C'P [%23112 . 437-29 . #402] 
#931134. +. Pi“(PR.Q) = P!(P BQ) [#2117131 . #231-13] 
#93114, bi: Rel—»Cls.3:.2ePR,.Q.3: 

yeOQnUR.2,. (G2). yQye -2Py (Ri): eeC'P [#717 . #231113] 


¥2B1141, fs Qy econnex . RQq, (Py'tr). Dae PRQ 


Dem. 

jem = for 

b. #2804. Dk ty e RQon (Pia). ce OR. yQyz «Dd. 2¢ RQy, (Pye) 
- 
[3230171] D. we Py RQgfs (1) 
+. «230°171 . #963. 3 
~ & - & Le 
Frye RQen (P52) « Qe y - 2-2 e Py ROG Y » Oe © On - 
a 
(487:2] D. we Py RQyfe (2) 
a 
b.(1).(2). Db s Hp + ye BQmn (Pye) 2e0QnUR.D. we Py RQyte (8) 
- 

b. (3) .#280°11. Dh: Hp. Dice OQn MR. D,. we Py RM Qyls (4) 
b.¥230151. Dh: Hp. d.e0P (3) 


(4). (5) #231112. +. Prop 


4231-142. F: aesect‘P. RQ,,0.3.PR,.QCo 
Dem. 


b #2311. #4012. 5+: Hp.d. PR, QC Py Ma. 
(*211:13] D>. PR,.Q Ca: D+. Prop 
Sead se od 
#231143, bs RQen (Pa). D+ PRyeQC Pyie [#231142 . #21113] 
=> = > 
#231144. bs RQen, (Pooft)+D-PRQ@CPyote [#231142 . 211-16] 


#23115. fF: R“OQCOP.3.0P a phy OP CPR,.Q 


Dem. 
b.487°2. Db: Hp. Ds RQyty C BPE os. 
[40°16] Ds pPy OP Cp Py Re Og'y a 
[40°23] Diy eCQn GR. Iy.pPytOP C Pe ROgty 
[4281-12] DOP ap'Py OP C PR. Dt. Prop 


¥231-161. Fs Py cconnex . OP n p'Py OP C PRygQ oD » BP CPR,Q 
[#202521] 


#231152. t : Pye connex.0*Pap'PyO'PCPR.Q.q! BP. >. BP ¢ PRyQ 
[231-151 . #202'523]_ 
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> 

The hypothesis C‘P a p‘Py“C‘PC PR,,Q is verified not only when 
R“CQC CP, but also under certain more general hypotheses, Two stich 
hypotheses, namely 


CQnGREROP 
and OQn TRC Oy RCP, 
are considered in the following propositions. 
4281-153, b: O'n URC Og ROP .D. OP np’ Py OP C PR 
Dem. 
b.a871. 3 bar Hp.2:.yeCQ a GR. dy: (qz).ceOP.2(R| Qy)yt 
[x40°51] Dy wep Py OP . Dy. (qe) 2eOP. 2 (Rl Qy)y aPye 


[x34-1] De @(Py| B| Oxy qa) 
-.(1).Comm.> 


be Hp. we Papi Py OP. d:y eC Qa UR. 2, .0(Py| Bl QeytveOP: 
[#231-113] D:aePR,.Q:.D+. Prop 
4231-154, bs R“OQCOP.2. CQ a GRC ROP 
Dem. 
+4872. Db: Hp. >. RERMOQ CROP. 
[¥37°501] >.C'Qn @RCR“OP: 3+. Prop 
4281-155. C'Qn URC ROP. .0Q a URC Oy ROOP 
Dem. 
b.#29-43-45. Db: Hp. >. OQn GRECO n ROP 
[90°33] C Qy RCP: DE. Prop 


4981-166, Fs. OO n URC Oy ROP ot Neve Py RD O'"E a CR): 
e 
rzeOQn O'R. 2, Gl OP n Re Qy 


Dem. 
b.k871. DE OQ nARCQSRECP. =: 
zeOQnUR.D,. (qu). weOP.2(Qy| Ra: 


[*87°3] erzeOQUnGR.D,. (qa). ce OP. we RQ: 

e— 
[#2233] =tzeC'QnM'R.D,.q1C'P a BEQx'2 7 (1) 
(37-265-43} =: ze CQ a O'R. D,.q 1 Py R“Oy 2 (2) 
+ .(1). (2). DF. Prop 


= “ 
#23116. t: Py econnex. qi BeP.C'Qa URC QS ROP .D. 
a! PR.Q-B'PePR,.Q [231152153] 
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xd = ee 
#231'161, +: Py econnex. q! BSP. R“COQCOP.3. Gt PR BP ¢ PReeQ 


[#281°154°155°16] 
4O3L17. bs R“OQCOP.D. BQ..aC RQen (Pyéa) 
Dem. 
b.49013. Dt Hp. dsyeOQ.d. RQyty COP: 
[#2301] Diye Rat. Dye oR. Ry'y Can OP. 
[#9033] D.yeOQn dR. RQyty C Py a. 
[#230°1] D.y€ BQen (Py a). Db. Prop 


#2B1L 171. bs RECO COP. RQ 41D» RQe (Pye) [#23117 . 230-11] 


423118. b: R“CO'QCO'P.D. PR,.Q=p(sect*P a Q.¢R) acP 

Dem. 
b . #23111 .*#211°13.9 
kr. ce PR,.Q.3: BQ yk. Resect*P.Dg.meRBrceCP (1) 
F.¥231171.3 
Fs: Hp. 3s. RQmn (Pye). 3, e Pyar 3: RQ a. Dae ve Pyar 
[13°195.4281-11] . 

Ds. (qa). B= PyM'a. RQm8 + Ip.ceRiveOP: dive PR Qi 
[#21113] D:. Besect*P. RQ... Ip.veRiaeCP:I:2¢ PRQ (2) 
b.(1).(2).2 
bi: Hp.D:. ce PR Q. =: Resect'P. RQmB-DIp.veBrceC'P:: D+. Prop 


= => & 
#231:181. : PeSer. R“CQCOP.D. PRO = OP a p( Ph OP n Qe R) 
Dem. 
b . *281-18 . #211:302 . ¥40°16 .3 


oe => 
brHp. >. PRaQC OP 0 p(PMOP a Qe R) (1) 
b . #4055 .*2380°211 . Db :.aesect*"Pn QuSR.2eOP ap P a cae 
> & 
P'zeQutk: 
pas e- > 
[40°12] Divep(PHCPnQ,fR).d.teP'2 (2) 


=> = e& 

F.(2).Comm. 3b: 26 OP n p( POOP a Qui R). aesect*'P a Q,fR. 3? 
> 
weO'P:zeOP ap Pa. D,.aeP%&: 
[40°41] DiaeCPa pP( OP a pP%a) (3) 
b.#211-711.3 
> e > 

Ft: Hp.aesect*P.3.0SP apSP“(O'P 9 p' Pa) = OP a p§ POP — 4) 


[¥211-7-711] =O'P-(C'P—a) ° (4) 
F.(8).(4). 

Fi. Hp.2eO*Pa p( EOP 0 Qn‘R) «Dt aesect*P nQ./R ~D,.GEa: 
[*231-18] D: ave PR,.Q (5) 


F.(1).(5). Db. Prop 
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#231182. |: PeSer. R“C‘QCC’P. ale OP — (PR..). 2. 
PR,.Q= p(P“P a ‘Qu‘R). ce (Peep a Qe ‘R) 


Dem. 
b.*231:181.> 
= e * => < 
Fi: Hp. gt (PMC a Qi RB)». PRQ = p(PUCP 0 QenfR) qd) 


> e 
+. 4280-11. D4: Hp. P“O'PaQ,(R=A.D: 
we OP. ye OQn UR. Dz, y (RK Oyky C Péa). 


[*90°33.Hp] Dey (Pa Ry c Px). 
[4211-56] Days Pyle Py Re Qyty 

[*9013] ge Dann ne Pal R Oy (2) 
F.(2) 23112. 3: Hp. POOP a Qa Rad «>. OPC PRG (8) 
+.(3). Transp. D+. Hp.3.q! P“C'P n Qu R (4) 


F.(1).(4). 35. Prop 

#23119. +: Petrans. Q,e¢connex. R“O*QCO'P.D. 

PR,.Q =p'(strP 0 QR) n OP 

Dem. 

.#231'18°101.Db::Hp.>:. 

we PR,.Q.=s:aesect*P. Be sect! P. a, Be Qn’ R. Da, p+ “wean BraeCP: 

[&13:191.%11°35] =: (qa, 8).aesect’‘P. Be sect'P, a, BeQ. Qf Rh ay=anB. dy. 
wey: uveCP (1) 


+. 4280-42. Db1.Hp.d:a,BeQa'R-=.an Be QalR (2) 
+. *215:16.5 

bi. Hp.3:(qa,8).aesect*P. Besect(P.y=an8.=.yestrP (3) 
F.(1)«(2)«(3)«> 


biHp.d:.2¢PR,.Q.=:yestr'P. RQ y+ Dy. ceyi: Db. Prop 
#231191. +: P,, econnex. q!PR,,Q.>. 


PR,.Q = Pyf(PRogQ) « PPR yeQ) = Popol (PB oeQ) 
[4215-165 . 281-183-101] 


#231192. bs. P,, econnex.q! PR,.Q.q!PR.Q'->: 
PR Q= PRoQ oi PR,.Q= PRY . PR, .Q=PR,Q 
(*281°191:101] 
4231198, £: P,,eSer. PRyQel.2. 


PR,,Q = t'maxp(PR,.Q)= iminp(PRQ) 
(#215°166 . #231:13-101] 
This proposition is of fundamental importance. 
R& WIT 45 
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42312. |: Py, Qyeconnex. Qn URC Oxi ROP 1s 
CP — (PR Q) CPR,.Q 
Dem. 
F.#281'112.5 


bine CP —~(PRQ).D.(qy) yeCQa TR. we OP — Py RQ ly Qa) 
F .. #202501 . #9033. 3 
5. ‘ DD. iy <<, 6 Is 
F:.Hp.we OP — Py R“Ox Yop wep ti (R“«QySy n OP): 
[*96°3] D: yQx2z  D,. @ € p*Pyf( RB“ QyS2 a CP): 
y <- 
[*40°61} Di yQyz.zeM‘R.d,. xe Pa (REQ aCP). 


[87-265] D,. me Py BM Qyfs : (2) 
v <— 

[«90°12] DiyeCQnTR.d. xe Pi REQKY : . 

[496-3487 2]D 1 y eO'Qn UR. 2Qyy « Dee we Py RM Oyle (3) 


b. (2). (8). #202187. Db. Hp. yeC'Qa UR. me OP ~ Py RQyty 2: 
zeOQn UR. r. ce Py BQyls ioe CP: 
[#231112] D:ae PR,.Q (4) 
b. (1). (4). Db Hp. 1:0 OP —(PRyQ)- 2.06 PR.Q:.D'. Prop 
This proposition is fundamental in the theory of limiting segments. 


4231-201. +: Py, Qyeconnex . RQ COP. 3. OP (PR,Q)C PRyQ 
[#281-2'154155] 


231-202. +: Py, Qyeconnex «4! PRyQ. D+ C'P —(PRyQ) C PRaQ 


Dem. 
F.*40°22. Transp .*231:12.3 


br Hp. dD. Ave Py Ry (OQ a UR). 
[4231-156] D.C°Q an URC QyR“OP . 
[*2312] D.C*P—(PR,.Q)CPR,.Q: D+ . Prop 


#28121. 1: Py, Qyeconnex.0Qn URC Qy ROP. >. 
CP = PR,Qv PR,Q 
Dem. 
b. 423113. DF: PR,Q COP. PR,Q COP (1) 
b.4281-2. Db:Hp.>.0'PCPR,.Q v PR..Q 2) 
F.(1).(2). DF. Prop 


#23122. +: Py, Qyeconnex. BOQ COP .D.C'P = PR,.Qu PR,.Q 
{*231-201-18] 
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#231:23. +:. Py econnex. R“C'QCOP.D: 

LR«D,« Be >) Be ty Pee 
B! RQyfy — Pyle. D. Pyle Pr RB Qy’y 


Dem. 
b. 9014. D+:Hp.3. ReQyfy cop (t) 
. oa 6 4 i? ce «fy, 6 eid 
F.(1).#90°21.9 4: Hp gt R“Qx'y — Pyle DT Py ROg'y — Pyar. 
[#211°56.%202'13] D. Pyke Py R“Qy'y t Dt. Prop 


423124 +: Pyeconnex. R“OQ COP ~ (RQen (Eq!a)} «D« Byf © PRyQ 
Dem. 


+ .#28011.3+:. Hp. diye CQn OR. Dy gt B“Oyty — Pyfa. 


a 
[231-23] Dy» Pyle C Po RO yy : 

= ya 
[91 54.4044] D: Byéa Cp Py RQ, (OF n CER) (1) 


b.(1).4281:12.49014. 5+. Prop 


#23125. +:.PeSer.Qyeconnex. R“OQCOP. PR,Q=A. 
E! limaxp( PR,,Q) « D: limaxp"(PR,,Q) = liminp"(PR,.Q) «Vv. 


limaxp“(PR,1Q) P, liminp“(PR,,Q) 
[#215°54¢541 . #231-13'22] 


4231-251. | : Hp #231-25 . limaxp{(PR,.Q)~e DP, .>. 
limax p'(PR,.Q) =lininp(P RQ) [4231-25] 
4281-252. +: Pe Ser - Qy econnex. R“O'QCOP.PR.QeOvul. 
E! limaxp(PR,,Q) . limaxp(PR,.Q)~e D‘P,.3. 
limaxp'(PR,,Q) = liminp'(PR,Q) 
[215543 . #231'13-22] 


= 
«231-4, +: Qetransmconnex. E! maxgU‘R.D. PR,.Q= Py Rimaxye O'R 


Dem. 
F .#280°53 . *231°121.5 


io > 
bi: Hp. D:.ae PRQ.=: Rimaxe'T‘R Ca... %€ Pyfa: 
> 
[437-2.422°42] rae Py RimaxgCA‘R 2: D+. Prop 


= > 
4231-41, + :Qetransn connex.E! Rimaxg(‘R.9.PR,.Q= Py! Rimaxy Ah 
Dem. 
b .#80°5 . #23174. #5331. 
F:Hp.>. PR,.Q = Pyf'RimaxgT‘R 


[453°301] = Py‘ R‘maxyU‘R : Df. Prop 


45—2 


#282. ON THE OSCILLATION OF A FUNCTION AS 
THE ARGUMENT APPROACHES A GIVEN LIMIT 


Summary of *232. 


In the preceding number, we considered the ultimate oscillation of a 
function when the argument grows without limit. If, in the propositions of 


the last number, we confine the field of Q to Oa, where we C‘Q, the ultimate 

oscillation becomes the ultimate oscillation as the argument approaches x 

from below. If the ultimate oscillation consists of a single term, this is the 

limit of the function as the argument approaches from below. If, instead 
=> 


of confining the argument to Q‘a, we confine it to any other class whose limit 
is x, we shall, under a very usual hypothesis, obtain the same value for the 


as 
ultimate oscillation as if we confined it to Q‘«. And more generally, under 
a similar hypothesis, if a and @ are two classes of arguments which define the 
same section (z.¢. such that Qy“‘a = Q,‘), then, whether or not this section 
has a limit, the ultimate sections and the ultimate oscillation are the same 
for a as they are for 8. Hence we are led to consider first the result of 
=> 

confining the field of Q, not to Q‘x, but to any classa. In order not to have 
to exclude explicitly the case in which ae1, we deal with Q,[a, not Qf a. 
Hence we are led to the following definitions: 
#23201. (PRQ).cfa=PR,.(Qxt a) Df 
#23202. (PRQ) a= PRos (Wy a) Df 

Most of the propositions of the present number are immediate conse- 
quences of corresponding propositions in #231. The most important 
application of the propositions of the present number is to the case where « 
is of the form Q‘z, x being a member of d9U‘R. We may, in this case, take 
in place of Q‘x any other class of arguments (e.g. a progression of arguments 
@,, %,... £y,...) having # for its limit, without altering the limiting sections 
or the ultimate oscillation. Hence the limit of the function for a given 
argument (if it exists) may be determined by choosing any selection of 
arguments having the given argument as their limit (cf. *238'142, below). 

From the definition of (PRQ),.“a we obtain immediately 
#23211. b:.26(PRQ),fa-5: 


yeanOQadR.d,. ce Py Ran Oxy) raeO'P 
We prove that (PRQ)s.a = (PRQ)s.“(a m CQ 9 GR) (#232181), and that 


ifanOQn U‘R=A, the two limiting sections and the ultimate oscillation 
are all equal to C“P (%232:15). Also we have 


#23214. /:Qetransa connex.an CQ wel. D.(PRQ), ft = PR (Qt a) 
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Thus the substitution of Q, for Q in our definitions has the effect of 
making them applicable to unit classes, and of enabling us to substitute the 
hypothesis Qy ¢connex for Qe trans connex. But when Q is transitive and 
connected (and therefore when Q is a series), the substitution of Q» for Q in 
the definitions makes no difference unless a is a unit class. This case is 
trivial, since the only interest of our definitions is when « has no maximum 
in Q. 

From *231'22 we obtain 
#23222. +: Py, Qy[ aeconnex. R(anCQ)COP.3. 

C&P =(PRQ) oft Y (PRQ) aot 

We have next a set of propositions concerned in discovering circumstances 
under which two classes a and 8 which determine the same section in Q (and 
therefore have the same limit, if any) give the same values for the two 
limiting sections. For this purpose, it is only necessary to discover cireum- 
stances under which we may substitute Q,‘(a m (‘R) for a, When this can 
be done, the ultimate oscillation of the function as the argument approaches 
the limit of a can be determined by taking any set of arguments having this 
limit. We have 
¥232°301. +. (PRQ)qofa C (PRQ)co'Qyf(a n A‘ R) 


232/32. bs (PRQ) os Qyl(a n GSR) €0U1.3.(PRQ),.fa60 01 


Thus if the function has a limit as the argument approaches the limit of 
Qx “(an A‘R), it also has a limit as the argument approaches the limit of a. 


#23233. Ff: Px, Ql ae connex. R“(an C*Q)C CP. >. 
(PRQ),ofa¥ (PRQ)«é a=(PRQ)..'QyS(and‘R)u (PRQ)ax! Qyé(a ad‘R)= CP 
whence 
423234. +: Hp #23233. (PRQ)fQyf(an (‘R)= A.D. 
(PRQ) soa = (PRQ ec! Qy(a a OR) « (PRQ)soft = (PRQ) se! Qy!(an O'R) 
We have also 
#232341. +: Pye connex . ] !(PRQ)os'a - (PRQ)o(Qe(an U‘'R)el. 3. 
(PRQ)sc'a= (PRQ)a!Qui“(ae O'R) « (PRQ)qc'a= (PRQac!Qy'"(a0 TR) 
Hence we arrive at the conclusion that, if P,, is a series, and « is the 


limit of the function for the class Qy‘(an (‘R), if « is a member of 
(PRQ)ct, it is its maximum (*282°352), while if # is not a member of 


(PRQ), ‘a, it is its sequent (*232°356), assuming (PRQ)sca ¥ (PRQ)cfa = OP, 
which, as we saw (#233°22), is generally the case, and assuming also P e Ser. 
On the other hand, if (PRQ),.‘« has no maximum, # is the minimum of 


(PRQ) sof; and if (PRQ),.‘a has a maximum other than 2, this is P,‘x 
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(*232°357°358). This latter case is impossible unless 2 has an immediate 
predecessor, Hence we arrive at the following proposition: 
#23238. +: PeSer. Qf aeconnex. R(anCQ)CCP. 
(PRQ)os'Qxi(an UR) 0 v (1—-ClVOP,).D. 
> > 
limaxp(PRQ)ofa = limaxp(PRQ)so'Qy‘(a a C‘R). 
> > 
liminp(PRQ)a! a= liming*(PRQ)sofQy! “an U‘R) 
Applying this to a series having Dedekindian continuity, we know that 
= A, and that the limax and limin always exist. Hence 
#28239, +: PeSern Ded. P?=P.Q,econnex. R“OQCOP.D: 
(PRQ)s'Q4'(an UR) 0 V1... 
limax p(PRQ)sca = limaxp(PRQ),.“Qy/(a.n U‘R) = 
limin p'(PRQ)ec‘ = liminp'(PRQ) se‘ Qyé(a n AR) 
That is to say, if the value-series P has Dedekindian continuity, and 
contains all values for arguments in C‘Q, then, provided the function has 
a definite limit for the class Qy‘“(an C‘R), this is its limit also for the class a; 


that is to say, any collection of arguments having the same limit or maximum 
as a given section will give the same limit for the function. 


#23201. (PRQ)scca= PR (Qyt a) Df 

#23202. (PRQ)os‘a=PRBoe(Qyt a) Df 

#2821. bo (PRQ)acfa = PRec (Quel a) [(#232°01)] 
#232101. +. (PRQ) ost = PRos (Quel «) =(PRQ),.fa.0 (PRQ)acta [(#232:02)] 
#28211. bt. ce(PRQ)eo ts = 


‘ yean CQ nU'R. Dy. xe Py Ran Oxiy) tae OP 
jem. 


F.90°41°42 . #231112.) 
br. ve(PRQ)ft.=tyeanO'Qn TR. Dy. ce Py RM(Qyl Oty: eeOP: 
[x35 102] =r ycanOQa MR. dy. xe Py Ran er) raeC*Ps.>+.Prop 
#23212. |. (PRQ) oa = pi Py Ra ny Oy! nC6Q a UR) an COP 

[*232-11] 
4232121. | y= an O'Q nm CR. D.(PRQ)gpa=p' Py! By 0)“ Oylty 9 OP 

Dem. 
< & 
F.#9018. Db am Qyhy = an OQ a Qey + 
= e 
[437-26] Db. R“(an Qy’y) = Ran Qn Rady) (1) 
F.(1). #23211. 34+. Prop 


#282138. bran C'QaMd‘R=BnCQa GR. D.(PRQ) fa =(PRQ) cB 
[4232-121] 
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#232181, + .(PRQ)cfa=(PRQ)f(anC'QadtR) [*23213] 
From the above propositions it follows that the values of (PRQ),.‘a, 


(PRQ) ge! and (PRQ),.a depend only upon «nC*Qa C‘R; thus if a is not 
contained in C‘Q a (‘R, the part not contained in O*Q n G‘R is irrelevant. 


#28214. +: Qetransa connex.an OfQre1. >. (PRQ)sot = PRye (QE a) 
[#232°1 . #202°54°541] 


423215, bran O'Qa UR =A.D«(PRQ)qet = (PRQ) qc! = (PRQ)oga = OfP 
[4232°12-101 . 37-29 . #40°2] 


42382-1651. b:q!P.(PRQ),.<a=A.d.qlanCQandRk 
[*282'15 . Transp . *53°24] 


42822 b:O'Qa U‘RCa.d.(PRQ)goot = PReQ 


Dem. 
F .#22°621 . *232°11.5 
bi Hp.D:.@e(PRQ ga. st ye CO nC'R.Dy.ce Py R Qty: 
(%231112] =ivePR,QtOt. Prop 


#23221, +: Py, Qf aeconnex.anCQadRCO“an R«OP) .o. 
CP = (PRQ)a0‘a bd (PRQ) soa 
[s2s1-21 ara 


#23222, +: Py, Qyf ae connex. B“(an OQ)COP.D. 
OP =(PRQ)scka ¥ (PRQ)oc't [#23122] 


4282-23, brye OQnC‘R.Dd.(PRQqcl'y = Py RYy 
Dem. 
f.%282'11.4#13:191.5 
bs. Hp. D:ae(PRQ)c'tty =. 06 Py REY a Ox”) 1. D+. Prop 


#28224, $:Q trans mconnex. EH! maxe(an U‘R).D. 
(PRQ),of0 = Py“ Rimaxe((a a GR) 


Dem. 
b.4#28214.5Db:Hp.anOQandRvel.d. 


(PRQ) cfd = PR, {QE (an G‘R)} 
[#231-4.4205-9] = Py R'maxo'(an OR) qa) 
F. 205-17 . 282-928-181 . D 
branOQnURel.d.(PRQ)qa= PyRimaxglan dR) (2) 
F.(1).(2). D+. Prop 
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#2823. b:aCU‘R.D.(PRQ) fa C (PRQ) ec Qya 
Dem. 
eS & 
b.x963. Db ye Qy a. D.(qz).zean CQ. OyizC Oxy 
= = 
[Fact.*37°2] D>. (qz).zean CQ. Py KR“(an Qy'z) C Py Ran Q‘”) (1) 
.(1).#282°11. Db: Hp. we(PRQ) soft Di ye QyMa. Dd. ve Py Ran Qx'y) ‘ 
[90°33] Date Py RM (Qy San Qy'y)? 
(%232°11} D: ae (PRQ)so'QySa2. D+. Prop 
#282301. | . (PRQ)ec'a C (PRQ)ec‘Qyi(a a UR) 
Dem. 
fF ..#23213. Db. (PRQ)so'a =(PRQ)ec(a a TR) 
[%232°3] C(PRQ) cc Qué(an UR). D+. Prop 
#23231. |. (PRQ)osft C (PRQ)os6Qu “(a m9 UR) 
Dem. 


b . #232301 : .Dr. (PRQ), fa c (PRQ)sa!Qyi(a nd‘R) (1) 
+. #232301 . (1). #232101. D+. Prop 
4282/32, bt (PRQ)sfQy(an O'R) 01. 3.(PRQ)efae0¥1 [423231] 
#28233, bs Pe Qxf a econnex. R«(an O1Q)C OP. D>. 
(PRQ) fav (P RQ) sot = (PRQ) sey (an ASR) v (P BQ) ac Qu (an UR) = OCP 
Dem. 
} , ¥232-22:301.5 
bs Hp. D. OP C(PRQ)ec!Qy!(a.n CER) v (PRQ)sc!Qyf(an CR) (1) 
+. (1). #231131 .4. Prop 
429234, +: Hp*232-33. (PRQ),.QM(an U'R)=A.>. 
(PRQ ce’ = (P RQ) ec! Qy(a 9 HR) « (PRQ) soft = (PRQ) sc! Qu (an GR) 
[4232-33301 . #24°482] 
#232341. b: Pye connex . G1 (PRQ)os'a» (PRQ)os'Qy(an U'R)el.D. 
(PRQ) sot = (PRQ) 0 Qu (an TR) « (PRQ)seH = (PRQ)so'Qy(an AR) 
[#231192 .#232°31 . x60°38] 
#28235. |: Py econnex .(PRQ)os'Qy“(an U‘R) = te. >. 
- od v 
(PRQ) aol C Pyg‘tt . (PBQ)ao!a C Py‘ 
{#232°301 . *281°191] 
4232351. +: Hp #28235. ae (PRQ)oa- D.(PAQ)oa= Pye 
Dem, 


b.#*231-13.3:Hp. D. Byfc C(PRQgka Q) 
b. (1) .*232°35 . DF. Prop 
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#232352. | : Hp «282351. P,, CJ. 3.0= maxp(PRQ),‘a 

[#211-8 . #205°197 . #232'351] 
#232353. + : Hp *232°35 .(PRQ)afa (PRQ)_.fa = OP .ave(PRQ) gia. >. 


(PRQ)-.a= Pyfe 
Dem. 


+. 4231'18.>+: Hp.d.we(PRQ)aéa- 
[#232351] >. (PRQ),fa= Py fa: D! . Prop 


4232354, /: Hp ¥282353. P,, @J.D.0=minp(PRQoa [«2a2882 P| 


= od 
#232355. +: Hp *232°353.3.(PRQ) fa = P,‘a 


Dem. 
+ 423235. Dt: Hp.d.(PRQgfaC Pyta — ue 
[491-542] C Pete (1) 
b #232353. Db: Hp.d. OP — Pyta C OP — (PRQ)g!a- 
[*202°101.Hp] > Pt C (PRQ) sot (2) 


F.(1).(2). 9. Prop 
#232356, fs. Pe Ser. (PRQ)ox!Qy(an U‘R) = Un. 
(PRQ)scfa UV (PRQ) sca = OCP «D2 ave (PRQ)eo'a. D. a = seqr(PRQ)aoA 
[*206°172 . *231°13 . #232355] 
4232-357. +: Hp #23235. P,,CJ.~E !maxp(PRQ),‘a.>.a =minp(PRQ)s‘ 
Dem. 
+. #232'352. Transp. D+: Hp. dD. a~e(PRQ)scfa 


[4232-354] D>. e=minp(PRY)qc'a: D+ . Prop 
4232°368, |: Hp «232-35. P,, G7. (PRQ)u‘a ¥ (PRQ)a=O'P. 
Ef maxp(PRQ)ec‘a « maxp(PRQ)so'a+2.D.maxp'(PRQ)—oa Pit 
b .#232'352. Transp. DF: Hp.d.2~e(PRQ),.“a« 
[#232'356] >. 2=seqp'(PRQ)c- 
[*206°5] D.maxp(PRQ)s¢‘a P,#:D +. Prop 
423236. 13. Pe Ser. (PRQ)o.'Qyf(an UR) = tn. 
(PRQ)qfa v (PRQ) fa=O'P D+ 
¢(PRQ)s't. 0 = maxp'(PRQ),/0= miny‘(PRQ)e ‘ot 
2 e(PRQ)s‘a— (PRQ), a» D.a= maxp'(PRQ)so! a= precp{(PRQ)ecé as 


w€(PRQ)s‘a—(PRQ)_.60 «© =seqzr(PRQ)sofa = minp(PRQ),a4a 
[4282-352'354'356] 
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#232361, |: Hp #23236. ave U'P,. >. a =limaxp(PRQ)‘a 


Dem. 
+. *232°358 . Transp. > 


Fr. Hp. 3: Et maxp(PRQ), fa. D. maxp'(PRQ):fa=2 (1) 
F . *232°352 . Transp . > 
br. Hp. D:eE! maxp(PRQ), f+. ave (PRQ)acfA » 
[%232°356] D.2=seqp(PRQ)‘a (2) 
f.(1). (2). *207°46. 5 +. Prop 
#23237. +: Pe Ser. (PRQ)c5Qyf(a n A‘ R) € 1 —Cl'P,. 
(PRQ) ect v (PRQ),.fa= OP .D. 
limaxp'(PRQ)eca = maxp(PRQ)so'Qy'(a a TR) 
= PRQ)oo/Qy(an CR) 
[#232°361 . #231193] 


#232°38. |+:PeSer. Quel ae connex . R“(an OQ) COP. 
(PRQ)neQx‘"(an UR) v(1—OKO'P,). >. 
limaxp'(PRQ),4a= = limaxp(PRQ)ec'Qy!(an U‘R). 
Tinnin (EP RQ),cfa= limin§(PRQ)s'Qx!(a.0 CB) 
[23233-3437] 


#23239. +:. PeSern Ded. P?=P.Q,econnex. R“OQCCOP.3: 
(PRQ) ox Q4(an UR) e0¥1.2.- 
limaxp'(PRQ),cfa = = limaxp(PRQ),c'Qy (a a TR) 


= limin '(PRQ)afa = = liminp'(PRQ)ao‘Qy!(a a dR) 
Dem. 


F .*201-63 . #23238. Db: Hp. (PRQ)os'Qx(an UR) c0ul.d. 
limaxp(PRQ),.fa = limax p( PRQ)scQy (a n ASR). 
limin p(PRQ)sc = liminp'(PRQ),c°Qy“(an UR) (1) 
#231193. : Hp (1). (PRQ)ofQy (an GR)el.d. 
limaxp(PRQ)sc'Qyi“(a n U‘R) = liminp(PRQ) se! Qua ad‘R) (2) 
b. #214°42.%232'33 3b: Hp(1).(PRQ)..Q'(an U‘R)=A.D. 
limaxp"(PRQ),o°Qyé(a a UR) = liminp'(PRQ)so‘Qyé(a ad‘R) (8) 
F.(1).(2). (8). D+. Prop 


_ —_ 
42325, b.(PRQ)qQw=O'P nf [2c Oran ‘BR. Dee ye Py B(G'a n Oy'2)} 
[423211] 


#23251. +: Qetransa connex. EB! A mang (Gio. ry TS D. 
(PRQ),.O'x = Py “Remaxg (Oa a CR) [*232°24] 
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4232-511. + : Qe trans n connex . E! R‘maxo'(Q'an U‘R).>. 
(PRQ)xcQa = Py Rimaxg(Gan GR) [#23251] 
#282°52. +: Qeconnex.yQa Ox a (Ory viy)nTR=A.95. 
(PRQ G2 = (PRO ky [428213] 
#23253. +: Qe connex née ad‘k.D. (PRQ),.Q'e = (PRQ),(G2 nQy!2) 
Dem. 
F-42825. 4968. D 41. Hp. ye (PRQ)q!Ga.D: 
we Ox a Onto ade. >u “ye Py RQ n Quit) ‘Quin c ‘Oye: 
[422621423211] Dz y €(PRQgc4(G'an Oy!2) (1) 
Fw28211 .#372. Dh: Hp-ye (PRQ)sc!(Q'@ 9. Qy!z) 
we € Oe n Onis aGR.duey Px Ran Dy 9 Qu) (2) 


[4963] Di ueQren Qyien O'R. Duo ye Pa BG n Oy!) (3) 
b. (2). (8). Dk Hp(2). Due Qian ‘R. dy. ye Py R“(Olan Oy!) : 
[#2325] D:ye(PRQ)Q« (4) 


F.(1).(4)- 9+. Prop 


#233. ON THE LIMITS OF FUNCTIONS 
Summary of #233. 


There are four limits of a function as the argument approaches some 
term @ in the argument-series, namely the upper and lower limits of the 
ultimate oscillation for approaches from below and above respectively. If 
the ultimate oscillation for approaches to a from below reduces to a single 


term, te. if (PRQ)ocs‘Q‘’ae1, that one term is the limit of the function for 
approaches to a from below. If this one term is also the ultimate oscillation 
for approaches from above, we may call it simply the limit of the function for 
the argument a. This may or may not (when it exists) be equal to the value 
for the argument a. It is characteristic of continuous functions that the limit 
exists for every argument, and is always equal to the value for that argument. 
Continuous functions will be considered in *234. 


The upper limit or maximum of the ultimate oscillation as the argument 
approaches a is the upper limit or maximum of the ultimate section, Hence 
if we put 

~. > 
R(PQ‘a =limaxp(PRQ).<'Q'a Df, 
the four limits of the function as the argument approaches a will be 
R(PQ)a, R(PQa, RPO a, R(PQ‘a. 
> 
It will be seen that R(PQ)a is a function of Q‘a. It may happen that, if we 
= 


put a in place of Q‘a, the function will have a definite limit as the argument 
increases in a, although « has no limit or maximum. Thus if, for example, 
Q consists of the series of rationals, and P of the series of real numbers, if « 
is a class of rationals not having a rational limit, we may regard the limit of 
the function (if it exists), as the argument increases in a, as the value of the 
function for the irrational limit of a. In this way we can extend the domain 
of definition of a function. 


In order to be able to deal with the cases in which « has no limit, we put 
(PRQ)mx‘a = limaxp(PRQ)o'a Df 

If P is a Dedekindian series, (PRQ)nx‘a always exists. If we take a to be 

any segment of Q, we thus get a new function, derived from R, but having 

segments of Q instead of members of CQ as its arguments. Thus if R had 

rationals for its arguments, this new function will have real numbers for its 


arguments. (Real numbers may be regarded as segments of the series of 
rationals.) 
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The function R(PQ)‘a is a particular case of the above; thus we take as 
our definition 


R(PQ)'a=(PRQim'Ga Df, 
or, what comes to the same thing, 
= > 
R(PQ)=(PRQ)imx|Q Dé. 
The following propositions of this number are important: 
#23315. Fs. PeSern Ded. (PRQ)(a¥ (PRQ)pofa = O'P.(PRQ)oq't = A.D: 
(PRQ)imx‘4 = (PRQ)ma'@ + ¥ + {(PRQ)max‘t} Ps (PR Q)raox‘a} 
#233:16. /:.PeSern Ded. P'=P.Qyeconnex. R“OQCCP.D: 
(PRQ)osfa 0 U1. Da (PRQ)imx't = (PRQ)ima%e 
%#233-2—'25 are applications of the more important of the propositions 


#232'34—'39, showing circumstances under which the limit of the function for 
the class a is the same as for the class Qy‘(an GR). 


#233'4 and following propositions apply the earlier propositions of *233 to 
— 
the case where a is replaced by Q‘a, and therefore (PRQ)inx‘a is replaced by 
R(PQ)‘a. We have 
4233-43, : P,,eSer.(PRQ)mfQ'ael.>. 
v vo = 
R(PQ) a= B(PQ) a= MPRQ)os' Qa 
> > 9 
#233433. b:. PeSer.Qy[ Q‘aeconnex. R“Q'a COP. (PRQ).'Qa=A. 
E! R(PQ)'a.ElR(PQ)\a.>: 
R(PQ)‘a=R(PQ)‘a.v.{R( PQ) a} P, {BR (PQ) a} 
#28345. b:.P«Sern Ded. P?=P.Qyeconnex. RCQCOP.3D: 
¥ —. 2 
R(PQ)a=R (PQ) a. =e (PRQ) 6 Q'ae0ul 
Je. in a series having Dedekindian continuity, the necessary and sufficient 
condition that the two limits of the function as the argument approaches a 


from below should be equal is that the ultimate oscillation should not have 
more than one term. 


We have next a set of propositions (#233:5—53) on the possibility of 
os 
replacing Q‘a by a class a having a for its limit, without altering the limits 
of the function. We have to begin with 
> 
4233-5. +: QeSer.a=lte(an U‘R). 3. Qa=Qy(an AR) 
in virtue of «207-291. Thence by earlier propositions of this number, 
=. > 
#233'512. + :. Hp *233'5. PeSer. Re (an OQ) COP. (PRQ) os Q'a =U'a Dt 
a= R(PQ)a=R(PQ‘a:2=(PRQ) mx’ + V+ (PRQ)imxaP, @ 
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whence we obtain 
#233514, |: Hp #283512. ave OCP, .D. 2 =(PRQ) nxt = (PRQ mx’ 
Thus if P, Qare series, and a is the limit of the function for the argument a 
(« being a term which has no immediate successor or predecessor), « is the 
limit of the function for any class of arguments whose limit is a. Hence we 
arrive at the proposition 
#23353. +: QeSer. PeSern Ded. P=P.R“CQCO'P.aC GR. E! lto‘a. 
(PRQ) ou Qyfae0Ul.d. 
(PEQ)mx‘a = (PRQ)mx'a= B (PQ) to'a = R (PQ) 'Itg'a 
Thus if P has Dedekindian continuity, and « is a class of arguments 
having a limit, and if the ultimate oscillation as the argument approaches 
this limit has not more than one term, the limit of the function for the class a 
exists, and is equal to the limit of the function for the argument Ito‘a. 


#23301. (PRQ)m:=limaxp|(PRQ), Df 


423802, R(PQ)=(PRQim|Q Dé 

#2381. bry ((PRQ)imx| a-=-y (limaxp) ((PRQ) 0a} [(*233°01)] 
#238101. b: y=(PRQ)imsa. =. y =limaxp'(PRQ) ea [#2331] 

#233102. F: EH! limaxp'(PRQ)sofa. = «(PRQ)imx'a = limaxp(PRQ) sofa. 
sE!(PRQ)mx‘t [4233-101 . #14-28] 
#233103. F: Peconnex.D. (PRQ) mx el~Cls [207-41 . *233°1] 


#28311, bs. PeSer.D:y=(PRQ)mx‘a.=.yeOP. Py = P*(PRQ) soa 
[4207-51 . #233-101] 
#233111. Fs. PeSer. a! PM(PRQ)'a.D: 
ha > oo 
Y =(PRQ mx’ =» Py = P(PRQ), fa [420752 . #233101] 
#23312. +3. Pe Ser.sE! maxp"(PRQ),o'a.D: . 
7 > = 
y =(PRQ)mx'a = ye OP. Ply =(PRQ) 6a 
Dem. 
b 4231-13 . #21141, 5+: Hp. d.(PRQ)'a=P(PRQ)o'a (1) 
F.(1).#233-11. 3+, Prop 
*233:13. +: Peconnexn Ded.Dd. 
E!(PRQ)ms'a «(PRQ)imx‘o = limaxp'(PRQ) soft 
[*233'102-108 . #21411] ; 
#283814, +: PeSer.(PRQ)oe‘ae1- >. (PRQ)inx'4=(PRQ)inca=U(PRQ)oa‘a 
[*231-193 . #233-102] 
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#299141, F:. Pe Ser. (PRQ)a{a v (PRQ)aofa = OP. (PRQ)na= A.D: 
E!l(PRQ)ms‘@. = + E!(PRQ)m, 0 
[#211°727 . *233°102 . #23113] 
#233'142. +: Pe Ser. Qyf ae connex. 
Rian CQ) COP. (PRQ)os'Qyi(an UR) eOul. 
B! (PRQ)ima‘Qu!'(an O'R) « (PRQ)inxQu(an UR)~we OP, «>. 
(PRQ) ime‘ = (PRQ)tnx't = (PRO) wx‘ Qu (an OR) 


= (PRQ)mx‘Qu(a n UR) 
Dem. 


b.#231'252.+: Hp.d.(PRQ)ime"Qy (an C‘R)=(PRQ)ima“Qei“(an dR) (i) 
b.*282'37 . #233-:14.3+: Hp. (PRQ)os'Qyh(an U‘R)e1.D. 
(PRQ)mx‘t= (PRQ)imx0 = (PRQ)ima‘Qu'(a9 UR) 
= (PRQimx'Qe“(an UR) (2) 
b. (1) .#23234. 3b: Hp. (PRQ)o‘Qy (and R)=A.D. 
(PRQ)mx‘ = (PRQ)imx' Qu (a 9 UR) = (PRQ) mx Qy'(an UR) 
a (P. RQ) nxt (3) 
bk. (2). (8). DF. Prop 
#23315. | :. Pe Serna Ded. (PRQ), ‘ay (PRQ).fa= OP.(PRQ)oa=A.D: 
(PRQjmx‘ = (PRQ)mx' + V + ((PEQ)imx‘a} P; ((PRQ) ms} 
[#214-43 . 4233-13 . *231°13] 
#283:16. +:.PeSern Ded. =P.Qyeconnex. RSCQCOP.9D: 


(PRQ)osf0.€ 0. U1. Da «(PRQ) ime! =(PEQ) aaa 
Dem. 


«282-22. 3b:Hp. >. C'P=(PRQ)acfav (PRQ)ex‘a (1) 
b.*20165.h:Hp.>.P=A (2) 
b. (1). (2). #2331415. D4. Prop 


423817. ban O'Qn CU‘ RaA.Dd:y=(PRQimit.=-y = BP 
Dem. 


F ..#232°15 . #233°101.5 
bi. Hp. 3: y=(PRQ)hms'@.= + y = limaxp'OP. 
[#206:2.%93°117] =.y=BP:.3+. Prop 


K2BBATL. bran C'Qa UR =A. Dd. {(PRQ)imx't=(PRQ)ina’a} 
Dem. 
b.#93-102. Db. (BYP = BYP) (1) 
F.(1).#233'17 DF. Prop 
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4233-172. Fran OQ nC'R= A. EM PRQ) maxes EL (PRQ) inet + D+ 


(PRQ)osfarweOul 
Dem. 


+ #288171 . #23215. 3 
Fr Hp. >. (PRQ)mx's (PRQ)imx'a € (PRQ)on' « (PRQ) mx‘ + (PRQ)imnx!& « 
[52°41] D. (PRQ).fa~e0ul: D+. Prop 
4283178, +: (PRQ)sae0V 1. E!(PRQ)mt-E!(PRQ)im:t. D+ 
qian C’Qnd‘R [*233172. Transp] 
#238174. b: PES. (PRQ)gfae1.d.qlanO'Qn dR 
Dem. ia 
#20012. Db: Hp. dD. (OP C(PRQ)g.4a} « 
[*232°15] D.qlanC'QnQR: D+. Prop 
#2332. +:Q,0 aeconnex.PeSer. R“(an C'Q)CO'P. 
(PRO)! Qy!4(an UR) = A. El (PRQ)neQy!(an UR) «2 
(PRQ)ms't = (PRQ) rmx‘ Qu(a9 O'R). (PRQ)imx‘ = (PRQ imax’ Qy(an UR) 
[232-34 . *211-727 . *233°'102] 
#233-21. +:P,,eSer.q! (PRQ) ox! a» (PRQ)o6'Qui(an U‘R)el.d. 
(PRO mst = (P PRQ) ims‘ a= (P RD imax! Ox(a a d‘R) 
= (PRQ)imatQa!"(an UR) = PRQ)yQyan CR) 
[4232-341 .#231-193] 
#283-22. + :. Pe Ser.(PRQ)os'Qy!(an O'R) = Ue. 
(PRQ),fa ¥ (PRQ)scfa = CP .D: 


5 @ = (PRQ)imxfa + V+ (PRQ)mx'@P 10. (PRQms'e = maxp'(PRQ),a 
jem. 


b #232352. D+: Hp. we(PRQ) (a. D.0=(PRQ) imate (1) 
+ #282356. Db: Hp. ase (PRQ),oa.~E! maxp'(PRQ)‘a. >. 


2=(PRQ)mx% (2) 
F , #282-358.. 207-42. Db: Hp.~ve(PRQ),a. E! maxp'(PRQ),.a. >. 


max p'(PRQ)‘a Pye. (PRQmx‘a = maxp(PRQ)sc‘a (3) 
F (1). (2).(8). +. Prop 


4233.23. +: Hp23322.>. 

= (PRQ)imx‘Qyi(a@n TR) = (PRQ)icax' Qe (an TR) [*231-193] 
4233-24. b: Hp #233-22.aveU'P,.2.0=(PRQ)m,‘a [*233-22] 
#283-241. + : Hp ¥233-22. ave OP. .2=(PRQ)ingfa = (PRQ imc 


[seaa24 5 E #23924 
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#23325. +:. PeSern Ded. P?=P.Qyeconnex. R“OQCCP.)D: 
(PRQ)os'Qyf (an UR) € 0 v 1D 

(PRQ nx‘ a= (PRQ)mx'Quf(an d‘R)= (PRQ)ina‘ a= (PRQ im! Qxh(a na d‘R) 

[#232°39] 

fe => 
42834 bry {R(PQ)}a.=-y((PRQ ime} Qa —_{(#283-02)] 
4288-401. b:y=R(PQ)'a.5.y=(PRQ) mia [4288-4] 
#233402. |: Peconnex. >. R(PQ)e1>Cls [*207°41] 
3 > 
#28341. b:y= R(PQ)a.=.y =(PRQ im (Yan TR) 
Dem, 
es 2 -. => 

F. #23218. DF. (PRQ)aq'Q'a =(PRQ)c!(Q'a n U‘R) (1) 

F. (1). *238°401'101. +. Prop 
*283°42. | :. Qe transmconnex. E! maxg(@*a aQ‘R).3: 

> 
y= R(PQYa. = -y =limaxp! Py R'maxg(Q'a n CR) 

[232-24 . #233-401-101] 

#233421. +: Pe Ri‘Jn trans. Q e trans m connex. Riiiasotan as eCP.3. 


R(PQ)a = Bimaxy(Gan CR) 
Dem. 


}. 4233-42. 3h: Hp. D:y=R(PQa.s.y = limaxp! Py Rimaxg'(Qa nd‘R). 
[#205-197] .y = Rimaxg(Qa n O'R). F. Prop 
4283-422. bs. Qan(‘R=A.D:y=R(PQVa.=.y=BP [*23317] 
4233-493, b: Gan ‘R=A.>.~{R(PQa=R(PQ)a} [#233171] 
4288-424. :Q’an(‘R=A. E1R(PQ)‘a. E! R(PQ)'a. >. (PRQ)fQla~e0ul 


[233-172] 
4233-425, |: (PRQ)(Q'ae0u1 Et R(PQ)a.E! R(PQ)a-d. g!Qand'R 
[*233°424. Transp] 


4233-426. b: PGJ. PRY Gacd. D.q!QanG‘R [4233174] 


#283°43. +: P,,¢Ser. (PRQ).G'a el. >: 
R(PQ¥a=R Poya~ =W(PRQ)osQ'a [4231-198] 
#233°431. + : Pe trans n connex. (PRQ)-.'Q'a~ eOul. 
E! R(PQ)}a.E! R(PQ)a.>.{R(PQya} P{R(PQ)a} 
[215°52 . #231-13:101] 
4283482. +: Pe trans connex. (PRQ)-ea =A. 
E!R(PQ)'a. E! R(PQ)‘a.>. (R(PQ)a} Py {R(PQYa} [215-53] 
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#233483, bs. P eSer ‘ Out Qa econnex. Ra COP. (PRQ).Q'a = A. 
EIR (PQ)'a. EI R(PQ)'a.9: R(PQ)'a=R(PQ)'a.v.{R(PQ)'a} P, {R(PQ)‘a} 
[215-54 . #23222] 
> > 
#283484. +: PeSer. Qy[Q'aeconnex. R“QaC CP. E! R(PQ) a. 
E!R(PQ)a.>. {R(PQ)*a} (Piv Py) {R( PQ) a} [*233:43:431-433] 
4233-435, k: Pe Ser. R(PQ)'a= B(PQ)a. >. (PRQ)¢Q'ae0 v1 
[*233°431 . Transp] 
+ => 
#28344, Fs. PeSer. Qy[ Q‘aeconnex. R“QaC CP. EI R(PQ)a. 
E!R(PQ)'a.~{R(PQ)'aeD‘P,. R(PQ)ac MIP}. 3 
y aa, oS 
R(PQ)'a= R(PQ)a.5.(PRQoyQ'ae0 U1 [#283-426-43-433-435] 
#23345. :.PeSern Ded. P= P.Qyeconnex. RCQCOP.3: 
¥ ed oy 
R(PQ)' a= R( PQ) a. a+ (PRQ)6Qiae0ul 
[4233°13 . #201°65 . #233°44] 
#2335, +: QeSer.a=ltg(an CR). >. Ga =Qy(an QR) [*207291] 
4239'501, +3. QeSer.a=ltg(anG'R). dig tQuandR. = .qlanOQad'R 
Dem. 
b.#2335.Db:. Hp. digi @and‘R.=.g! Qyi(an ‘Ryn dR. (1) 
[*87°29°265] D.qtandRalQ (2) 
b. *90°33 #2243. DE:rweanOQnd'R.D. we Qy“(anMd‘R).weA'R (8) 


+ .(3).#1028. Dkr qlanCQnGR.D.q! QMandRndR (4) 
F.(1).(2).(4). +. Prop 


4233-01, +: Hp42835 . Pe Ser. R“(an CQ) COP. (PRQ) a Gan. 
Et R(PQ)'a.>.(PRQ)msx‘a= R (Paya [#233-2'5] 
#283511, bs Hp #283°5. Pe Ser. a! (PRQ)as‘a« (PRQ).'Ga e1.. 
(PRQ) mx‘ = (PRQ)imx‘a = R(PQa=R (PQ\a= U(PRQ)ac Qa 
[*233-501-5°21] 
#233512. | :. Hp #2335. PeSer. R“(an CQ) COP. (PRQ)n‘Q'a= Ue. Dd: 
= R(PQ)a= R(PQ)a:¢=(PRQ)mx‘t- V+ (PRQ)imx'a Pye 
[*233-22-23 , 4232-29) 
#233'513. + : Hp *233-512 .aveC'P,.9.¢=(PRQhms‘a [*233'512] 
¥233-514. |: Hp #233-312 . ve OfP,.D «= (PRQ)mx‘t = (PRQ mat 


| w239513 s : #233513 
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#233515, +: P,QeSer.a= = Itoi(a nd‘R). R(CQnal COP. 
(PRQ)'Q'ae 0v1. BIR (PQ)a. R(PQa~e OP, .> 
(PRQ)mx‘4 = B EQ)ims‘t = R(PQ)'a=R (PQya 
[42331425] 
4238516, k: P,QeSer. El R(PQ)to‘a. R(PQ)ltgfave OP, . 
R“(O'Qn a) COP. (PRQ)mG'ltg'ae0Vl. >. 
(PRQ)nn‘@ = (PRQ nxt = R (PQ)Ito‘a= RB (PQ) tga 
[%233-515] 
¥283°52. + :. Hp *233°5 ae eSern Ded. P?=P.R“OQCOP.D: 
(PRQ)o‘Q'ae0v1.>. 
(PRQ)imx@ = (PRQ)m‘a= R(PQ)'a=R(PQ)a [233-25] 
#23353. +:QeSer.PeSerm Ded. PP=P.R«CQOCCP.aCd‘R.E! ltgfa. 
(PRQ)'Qx(fae0U1.D. 


(PRQ)inc'0 = (PRQimx!4 = Ke (PQ) ltg’a = R (PQ) tga 
[#283°52] 


46—2 


#284, CONTINUITY OF FUNCTIONS 


Summary of *234. 


In the present number we are concerned with the definition and analysis 
of the continuity of functions. The following definition of continuity is given 
by Dini*: 

“We call it [the function] continuous for =a, or in the point a, in which 
it has the value f(a), if, for every positive number g, different from 0 but as 
small as we please, there exists a positive number e, different from 0, such 
that, for all values of 8 which are numerically less than e, the difference 
St (a+8)- f(a) is numerically less than ¢. In other words, /(«) is continuous 
in the point #=a, where it has the value f(a), if the limit of its values to 
the right and left of a is the same and equal to f(a)...” 

By the second form of the above definition, the function R of previous 
numbers is to be called continuous at the point a if 

R(PQ)‘a= R(PQ)a=R(PQ)‘a= R(PQ)‘a= Ria. 
The first form of the definition can also be so stated as to be free from any 
reference to number, and derivable from the ideas dealt with in the previous 
numbers of the present section. For this purpose, instead of “a positive 
number a,” we take an interval in which R‘a is contained, say P (z—w). 
Similarly the “values of 8 which are numerically less than e” are replaced by 
arguments in a certain interval containing a. 

By #233-423, if the limits of the function as the argument approaches a 
are to be all equal, a must not be the maximum or minimum of U‘R. We 
therefore take the interval containing a to be an interval in which the 
end-points are not included, say Q(y—¥y’). Thus our definition becomes 
(A) RoaeP(z-w).3,0- 

(ayy) yy «TR.aeQy—y') RQyHy) CP -w) 

We require further, what is tacitly assumed in Dini’s definition, that R‘a 
is a member of C‘P which has no immediate predecessor or successor, #.¢. 

RacCP—CP,. 

In order to deal more easily with the above definition, we analyse it into 
the product of four factors, which concern respectively P and Q, P and Q, 
P and Q, P and Q. In the first place, it is obvious that (A) is the product of 
(B) RiaaeP(z—w). Dew (Hy). yeU'R.ye Qa. B“Q (ya) C P(z—w) 


* Theorie der Functionen einer vertnderlichen reellen Grésse, Chap. rv. § 80, p. 50. 
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and a factor obtained by substituting Q for Q in (B). If Qyeconnex, and 
P,. Ser, (B) is the product of 

=> => > 
(C) Rae Pw. Dw. (Gy). ye TR. ye Qa. RQ (yr a) C Py tw 
and a factor obtained by writing P for P and z for w in (C); and in virtue of 
R‘a~eCP,, (C) becomes 

> => > 
Riae Py Sw . Dw» (Gy) ye TR. ye Qa. R“Q(yra)C Pw, 

ae. if Q is transitive, 

> > Ul 
(D) RiaeP,,6w- Jw R(Qel O@)on (Ppotw) 

Hence the function is continuous for the argument a if a ; satisfies (D) and 
the three other hypotheses resulting from replacing P by P, or Q by on or 
P and Q by P and Q. If we substitute # for Ra, and Q for Qyf @ a, 
(D) becomes 

7 & < 

(E) Py Ppok@ C QanfR 

Hence continuity can be studied by studying the hypothesis (E), and 

= 

replacing # by Ra and Q by Qy[Q‘a. 

The hypothesis (E) is an interesting one on its own account. We put 

> - e 
se (P,Q) R= OP n 2 (Pyo Ppt C QuatR) Df. 
Thus “wesc(P, Q)‘R” means that « is a member of the value-series such 
that, if y is any later member, the function ultimately becomes less than y. 
If we put further 
os (P, QR =sc (P,Q) Rasc(P,QyYR Df, 

then, if # is a member of os(P,Q)‘R, the function ultimately becomes less 


than any later member of C‘P, and greater than any earlier member. 
Hence « is the limit of the function as the argument increases indefinitely, 
> > 

Hence, if we substitute Qyf Q‘a for Q, and if zeos(P, Qyl Q%a)‘R, w is the 
limit of the function as the argument approaches a from below, we. 

R(PQ)a=R(PQ)a=-«. 
(This is proved in *284°462.) Hence, putting R‘a in place of z, the function 
is continuous from below at the point a if 

=> 

Ria cos (P, Qf Q’a)‘R, 
and is continuous from above if 

Riacos(P, Oxf Ga) R, 
These results, and various others connected with them, are proved below. 
The equivalence of Dini’s two definitions is proved in «23463. It will be 
observed that practically nothing in the theory of continuous functions 
requires the use of numbers, 
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We use the symbol “ct(PQ)‘R” for the class of arguments a for which 
the limit of the function for approaches to a from below is R‘a. Thus, in 
virtue of what was said above, we may put 


ct (PQ R= &{R'acos(P, Qt Quota) R—-O'P,} De 
Then a function is continuous at the point a if a belongs to the two classes 
ct (PQ)‘R and ct (PQYR. Hence we put 
contin (PQ)'R =ct(PQ)Ract(PQYR Df 
The function A is continuous with respect to P and Q if it is continuous for 
all arguments in C‘Q. Thus we put 


P contin Q= Rig! 0'Qa ‘RB. CQ n QR C contin (PQ)YR} DE. 
Our propositions in this number begin with the properties of sc(P, Q)‘R 
and os(P,Q)‘R. We have 
#234103, : P,, eSer.q tos(P,Q)‘R.D.PR,Qe0vul 


Thus the hypothesis q!os(P,Q)\R enables us to use propositions of 
previous numbers having the hypothesis PR,.Q¢«0 v1. 


The identification of our definitions with the usual definitions of continuity 
of functions proceeds by means of the proposition 


#23412. +2: Qyeconnex.3:.2¢08(P,Q)RaD'PadP.=: 
weDSPad‘*P:ae P(2—w). 2,0» RQen {P (2 -w)} 
We have a collection of propositions dealing with the relations of 
sc(P,Q)‘R to PR,Q and PR,,Q. sc(P,Q)‘R is an upper section of 
P (*234'181); sc(P, Q)‘R is the complement of P‘(PR,,Q), te. of PR,Q 
without its maximum (if any). This is expressed in the following pro- 
position: 
#234-174, |: P,,eSer. Qy ¢connex. R“O*QCOLP.3. 
> i 
CP np! P,, se (P, QR = PPR Q) = CP — se (P, QR 
We thus arrive at 
#234182. +: Pe Ser. Qy econnex. R“CQCOP.D. 
> _ > 
limax p(PR,.Q) = minp‘se (P, QR 
2 > ove 
Thus os (P, Q)‘R is contained in maxp(PR,Q) vu minp"(PR,.Q) (#234201), 
and therefore has not more than two terms (*284°202). If PR,.Q has one 
term, this is the only member of os (P, Q)‘R (#234208). If os (P, Q)‘R has 


two terms, they have the relation P, (*234°242); hence if P is a compact 
series, and os(P,Q)‘R is not null, its only member is both’ limaxp(PR,.Q) 


and liminp‘(PR,,Q) (28425), while conversely, if limaxp'(PR,@) and 
liminp(PR,,Q) are equal, each is the only member of os(P, Q)‘R (#234251). 
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a 


We now apply the above results to the limits of a function as its argument 
approaches the limit of a class a. This is done, as before, by substituting 
Quel for Q. We arrive at the proposition (*234°38) that if P has Dede- 
kindian continuity, and os(P, Q,[ a)‘R is not null, its only member is both 
(PRQ)imx‘@ and (PRQ)imz‘a, te. is the limit of the function as the argument 
increases in a. 


— 

We then take for a the particular value Q,,‘a, 80 that we become concerned 
with what happens when the argument approaches a from below. For the 
comparison of our definition of continuity with such definitions as the one 
quoted from Dini above, we have 

> 
#23441. +1: Qe trans. Qf Q‘aeconnex. 33. 
par 
x eo0s(P,Qyf Qa) RaD'PadP.=: 
weDiP a U‘'PiaeP (z—w).d,u+ 
> 
(ay) ye Qan GR. RQ (ya) CP (z-w) 
J.e. if x is neither the first nor the last member of the P-series, 2 belongs to 


os (P, yt Q'a)'R when, and only when, given any interval P (z— w), however 
small, in which # is contained, there is an argument y earlier than a, such that 
the value of the function for all arguments earlier than a but not earlier than y 
lies in the interval P(z—w). 


We deduce from previous propositions that, with the usual hypothesis as 
to Q, if P is a Dedekindian series, 


R(PQ)‘a = liminp‘se (P, Qf QaKR (#234422), 

and if P is a series and os(P, Qyf Qa) is a unit class, its only member is both 
R(PQ)a and R (PQ)‘a, ie. is the limit of the function for approaches to a 
from below (#28443), The following proposition sums up our results: 
#23445. +:.PeSer.Qe trans. Ogb a econnex. Ra COP. P=P.d: 

wg tos(P, Qf Qfa)‘R.=.08(P, Qf Ofa) R= 1 R (PQ) a. 
.08(P, Qyt O'a)'R=UR (PQ) a. 
. R(PQ)a= R(PQ)a 


> 

Thus q!os(P, Qy[ Q‘a)‘R is, in a compact series, the necessary and 
sufficient condition for the existence of a definite limit of the function as 
the argument approaches a from below. 


> 
Without assuming P? = P, if # is a member of 08 (P, Qxf Qa)‘ R, and if « 
has no immediate predecessor or successor, so that in the neighbourhood of 


the series is compact, we still have 2= R(PQ)‘a=R(PQ)‘a (*234-462). 
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We next consider ct (PQ)‘R. By the definition we have 


#2345. t:aect(PQ)R.=. Raecos (P, Qy £G,,fa)'R — OP, 

Thus a is an argument for which the function has a single value which 
has no immediate predecessor or successor in P, and which, in virtue of 
#234462, is the limit of the function as the argument approaches a from 


below (#28452). The cases when Rfa=B‘P or R‘a=B‘P require special 
attention; excluding these cases, we arrive at 


_s 
#23451. 11: Qe trans. Qyt Q‘aeconnex. Rae D‘Pad‘P.3:. 
aect(PQYR.=: RoanveO'P,: Rae P(z-w). Dz, y+ 


(ay) -yeQran UR. R“Q(yHa) C P(e~w) 

This proposition is analogous to #23441. 

We prove (*234°562) that if P, Q are series, and a is any class of 
arguments for which all the values belong to CP, and if a has a limit at 
which the function is continuous from below, then the limit of the function, 
as the argument increases in a, is the value of the function at the limit of a. 


We next consider contin (PQ)‘R, which is defined as ct (PQ)‘R a ct (PQ). 
e 
We show that if P is a series whose field contains R‘‘Q‘a, and Q is transitive, 


and Qx tea is connected, and R‘a is neither B‘P nor BP, then if a belongs 
to the class contin (PQ)‘R, R‘a is the limit of the function for the argument 
a, for approaches either from below or from above (#23462). If P is compact, 
the converse also holds (*234°63). Our definition of a point of continuity is 
thus identified with the second form of Dini’s definition quoted above. It is 
identified with the first form by the following proposition: In the circumstances 
of #23462, if R‘a eD‘P a C‘P, we have (23464) 
aecontin(PQ)‘R.=: RiacC’P—C'P,: Riae P(z~w) «zw 
(ay y)-yy eTR.aeQy—y/)- RQyHy)CP(e—w), 

te. a is a point of continuity when, and only when, the value Réa for the 
argument a is a member of the P-series having no immediate predecessor 
or successor, and if R‘a is contained in the interval P (z—w), then, however 
small this interval may be, two arguments y, y’ can be found such that a lies 
between them, and the values for all arguments from y to y’ (both included) 
lie in the interval P (z—w). 

We end with a few propositions on continuous functions. The last of 
these (#284'73) states that, if P is a compact series and Q is transitive and 
connected, then R is continuous with respect to P and Q when, and only when, 
it has arguments in C*Q, and for all such arguments a we have 

R(PQ)'a = R(PQ)'a= RB (PQ)'a = R(PQ)'a = Ra, 
i.e. the value for every argument is the limit for that argument for approaches 
either from above or from below. 
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4284-01, s0(P,QR=O'P 0B (Pog Praka C Qn B) Dé 
234-02, 08 (P,Q)'R=se(P, QR a ac(P, QR Df 
4284-03, ct (PQ)'R=8 (R'acos(P, Ql Quta'R—-O'P} DE 
#23404. contin (PQ)'R =ct (POR a et (PQYR Df 


#23405. PcontinQ=R {qtOQad‘R.CQn TR Ccontin (PQ) R} Df 
=> 
#23841, Fi.vesc(P,Q)R.=iaeC'P: aP,w.dy- RQan (Pp w)! 


- > 
s:veC'P:aP,,w.dy-(qy)- yeOQa TR. ROQgy C Piofw 
[#230°11 . (#234-01)] 


” > 
#234101. +: P,,¢Ser.aesc(P,Q)R.D. PR, QC Pyfe 


Dem. 
b . #40°16 . (#28401). 9 
€- > & 
brHp.d.ceO'P. pi Pgh Quai R a OP Cpl Pf! P io Poh 0 CFP 
7 & 
[#91°574] C p' Pyro! Pyle a OfP 
> 
[#204°65.%91-602] C Pyfa qd) 


+ .(1).#281-1.5+. Prop 
#234102. +: P,,eSer.veos(P, Q)R.D. PRQ Cte 


Dem. 
. = > e€ 
F . #2841101 . (#23402). D+: Hp. D.veO'P. PR QC Pyftn Pyfr . 
[*200°39] >. PR,,Q Cue: D+. Prop 


#234103. +: P,,¢Ser.qilos(P, Q)‘R.D.PR.Qed0ul 
Dem, +.*284102.D+:Hp.>.(qz).PR.QC@. 
[*51-401] D.PR,.Qe0v1:D+. Prop 


aan 
#234104. +: RQmn (Pyfv).D.xesc(P, QR 
Dem. 
> > 
b. #9152. DhraP, 2.3. Pyle C Profz (1) 
25 
b. (1). #230°211-151. 3b: Hp. 3: @P 2+ z+ RQen (Ppofz) ive O*P: 
[#2341] D:eesc(P,Q) Ri. I+. Prop 


> 

#234105. +: P,,¢Ser.wesc(P, Q)Ra DP, «>. RQn (Px) 
Dem. 

F, #201°63 . #121254. :: Ap. Pz. 3s. yPi 2.3 2~(a@Py oy): 


[*202°103] = 3 ryP@.Vey=e (1) 
b.(1). #9154. DF:.Hp.aPiz.9: Pie C Pye: 

[*230211] >: RQn Gute) > - RQen (Pye) (2) 
b.*2841. Dt: Hp. dD. (qz).a#P, z+ RQen (Ppot) (3) 


b. (2) .(3). D4. Prop 
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When «~e D‘P,, the above proposition is not necessarily true: it may fail 
if a =minp‘se (P,Q) R. 


It is to be observed that sc(P, Q)‘B and os (P,Q)‘R are functions of Po, 
so that they are unchanged when P,, is substituted for P. Hence the 
hypothesis P,.¢Ser is as effective, with regard to them, as the hypothesis 
PeSer. This is stated in the following proposition. 


4234106. + 50 (P, QR = 80 (Ppp, QR. 08(P, QYR-=08 (Pog, QR [4284-1] 
4294107. ti. ce O"P — DP, . D280 (P,QVR. =» Py Prg'aC Qa’ 
Dem. 
b.#121254.5+:.Hp.d:a~eD(P,,)! 
[*201°61] D:ra~ve DIP, + Py}: 
[#10°51] DiaPiy-D.eP,7y- 
> > 
[*91°574] 2D. (qz)- aP, 2+ Pyfe C Profy qd) 
F.(1).#230211.> 
> > 
bi. Hpi aP, y+ Dy+ RQen Pefyt D2 @P yoy» Dy» RQen Pooy (2) 
F . «91°54. #230-211.9 
> > 
bt. tP roy « Dy» BQen Poy t Dt BP » Dy» BQen Pe 'y (3) 
> & — oe = 
b. (2).(B)e Dk t. Hp oD: Py Pool C Qan’R « + Pog! Pgh © Qex’R (4) 
+. (4). #23841. 54+. Prop 
#28411, bi.aeD'PaM'Pixve P(z—w). Dz,» RQe {P(z~-w)}: 
weD'PaM'P ice P(z—w)-2, 4 
e 

(ay) -yeOQn GR. BQytyCP(e—w) [#23011] 

#284111. bs. ce D§'PaU'P:ae P (2 —w). 3, ~- RQ. {P(z-w)} iD. 
weos(P,Q)R 


W 


Dem. 
+. #230211 .5 


be: Hp. Ds.2eD6P a OP 2. oP, wi (gz). 2Pyot t Dye RQoy Pogo 7 
— 
[*91504)0 0 Dr. we D6P 2 eP ow. Duy» RQen Pool te 


(*2341] D:aesc(P, QR qd) 
Similarly :Hp.d.sc(P,Q\‘R (2) 
F.(1).(2). DF. Prop 


#23412. 1: Qyeconnex. D:.2¢08(P, Q’YRaD'PaMd'P.=: 


weD6Pa UP: P(z—-w). Dz, 0+ RQa{P (2@~-w)} 
Dem. 


F. #2841, Db. ce0s(P,Q) Ra DSPad'P.=: 
me DP AEP : @P eth « Diy» RQmn (Poot) t 2P yo «Dz» BQan (Pyo!2) # 
=> 
[#1 L-71]=:c2eD'Pa GU‘ Pi 2Pyo@.@P pW «Dz, w » RQon(PpoW)» RQen(Poof2) (1) 
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> < 
+ .#280-42. Db: Hp. 3: RQn Pow» RQen (Pratt) = + 
< > 
RQen (Ppo't 0 Po) (2) 
F.(1). (2). #1211. 3. Prop 
uv 
#234121. +. BSP Csc(P,Q)'R  [x93104 . (*284-01)] 
#234122. | :. P,,econnex.2=B‘P.D: 
= 
zeos(P,Q)R.=.aesc(P,Q)‘R.=. POP COR 
[234-121 . (4234/02) . #2341 . #205'253] 
423413. b:aesc(P, QR. >. Py’ Cac (P, QR 


Dem. 
= <= 
F. #963 . 491-74. 49013. :e@Pyz. 0. PyofeC Pyofa.zeCP. 
So e& g- —_ 
[*87-2] D « Pyof Pyo't C Proof’ Ppoia.zeC’P (1) 
F. (1). (#23401). 3+. Prop 


4234181, + . 90 (P, QR = Py se (P,Q). sc (P, Q)' Re sect!P 


Dem, 


+. #90°21 . #2841. DF. 80 (P,Q)RC PyMs0 (P, QR (1) 
b.a23418, Db. Pyése (P, Q)'RC 80 (P, QR (2) 


F.(1).(2).*21118. 95. Prop 


#23414. +: Q,econnex.wesc(P, Q)R.D.260%P Poa c PR,.Q 
Dem. 


> 
+ .*2341.9b:.Hp. DimeC!P 1 0P 2. 32+ RQen (Pyo'2) + 


“ 
[230-211] De» RQm (Pyf2)« 
[4281-141] D,.2ePRQ Dt. Prop 


#284141, +: Qyeconnex. qlsc(P,Q)YR.D.q! PRQ [*23414] 
#234142. big tse(P, QR aD'P.d.q1CQade 


Dem. 
+. «2841.3 
traesc(P, Q‘YRaDP.D:c2e DP: (qu). aP,wed. qi CQandR: 
[#91504] Diq1C'Qnd‘B:. D+. Prop 


428415. +: Py, Qyeconnex «tec (P, Q).R. D+ PRyQv PR,Q = CP 
Dem. 
b .#231-202, #284-141.3+:Hp.3d.0°P—PR.QCPR.Q (1) 


Fe e2311. Dh. PRyQv PRQ COP (2) 
+. (1).(2). 3. Prop 
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#23416. +: P,,¢Ser.Q,econnex.). 
2 > ¥ ve 
PR cQ C p'Pyf'se (P, Q)'R » Pyose(P, QR CPR Q  [*234101:14] 
- => 
#234161. + :.P,,eSer. R“CQCCP. PR,.QC Pyfa.d: 
= > > 
PR,Q = Pyfa ev « RQen (Px ‘2) 


Dem. 
em. _ os : 
F. #23124. 3: Hp. (RQen (Py{a)}  D. Pyfa C PR,Q 
> ee 
Hyp.#2241] >. P,{a = PR,.Q:D+. Pro 
Pp * Pp 
bend <. 
#284162. +: P,,eSer. RSCQCC'P. Py'a=PR,Q.ceCP.d. 
wesc(P, QR 
Dem. 
b.%2025.Db: Hp. «Pi 2. D:¢~ 6 PRQ: 
<_ 
[#23112] D:(qy) «ye CQan GR.izrve Py RO yt 
— > 
[211-56] Ds (ay) ye OQ a GR. Py RY Qyty C Protest 
- > 
#9033, a yeCQnTGR. ROQyy C Pyofzt 
ayy ey Pe 
[#230-11] >: RQ (Prof?) (1) 


F. (1). #2841. 2+. Prop 
#23417. +: Pi ¢Ser. R“CQCOP.D: 


* > 
xesc(P,QR.=.aeO'P. PR,.QC Py‘a 
Dem. 


33 > 
F.#2341101.3:. Hp. d:aesc(P, QYR.D.c2eO'P. PR,QCPyfa (1) 


= > 
F. #234°161162:104.3+:, Hp. D:aveC'P. PR, C Pye. dD. 


wesc(P,Q)YR (2) 
F.(1).(2).D4+. Prop 


«234171, |: Pe Ser. R“CQ COP .weC'P —sc(P,Q)SR.D. 


> = 
PyfaC P!(PRQ) 
Dem. 
= od 
F. #238417. Db: Hp.d.q! PR,.Q— Pyfe (1) 
> = 
F (1). #211°56 . #231-:13.5+:Hp.d. PyfeC Pi (P RQ) (2) 


F (2). 281-134. 9+. Prop 


4934172. Fs P,,cSer.>.O‘P —sc(P, Q)'R= OP a p'P,s0(P, QR 

Dem. 
F.4200°5. Db: Hp. d. OP a p'PyoKse(P, QYRCOP —s0(P, QR (1) 
F.*284131.> 
bivesc(P,Q)'R.ye OP —sc(P,QYR.D.~(aPyy).a,yeO'P. 
[202103] D.yPyox (2) 
F.(1).(2). DF. Prop 
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— 
4234173. +: P,, ¢ Ser. tse(P,Q)'R.D. OP —se (P, QR = p'P, ose (P, QR 
[#234°172 . 40-61 43771 5] 


#234174, |: P,,¢ Ser. Qyeconnex. R*C'Q COP .D. 
CP ap'P,,s0 (P,Q) R= P“(PRyQ) = OP — 80 (P, QR 


Dem. 
+ .#234171172. Dt:Hp.d. BOL p*P sc (P, Q)'R} C P*(PR,.Q) « 
[*90°21] D.C'P ap'P,, ‘se (P, OR CP(PR,.Q) (1) 
b . *234°16.437°2.9b: Hp .D. P**(PR,.Q) C Peta (P,QYR 
[*40°37 #9152] Cpt Pose (P, QR (2) 
b.«87-15. D+. P(PR,.Q) C D‘P (3) 


+. (1). (2). (3). #284172. 3+. Prop 


4284175, bs Hp #234174. q tc (P, Q)'R. D. p’Prok'sc( P,Q R= P*“(PR,,Q) 
[#234°174 . 40°61 . 37°15] 


#23418, +: P, «Ser. Qyeconnex. R“CQCOP.D. 
C*P =s0(P,Q)R v P(PR,Q) «80 (P, Q)'\ Ra P“(PR,Q)= A. 
sc (P, Q)‘R = C'P — P“(PR,Q) 


Dem. 
b. #284174. #24°411.9+: Hp. 3. 0°P =8c(P, Q)' Ru P(PR,.Q) (1) 
b.*284174, D+: Hp.d. P“(PR,.Q)C p'PooKse (P,QYR. 
[*200°5] D.sc(P, Q)\R a P“\(PR,.Q)=A (2) 


+. 24-492 . #284174. D+: Hp. D.sc(P, QR = O'P — P“(PR,,Q) (3) 
t .(1). (2). (8). . Prop 


In virtue of this proposition, P“(PR,,Q) and sc (P, Q)‘R are complementary 
sections of P, te, they constitute a Dedekind cut in P. 
*234181, +: P,,eSer. Qy econnex. R“CQCCP. >: 
PR,.Qase (P,Q R= maxr'(PR.Q) 2 
se (P,Q) R= (O'P — PR,.Q) v maxp(P RQ) 


Dem. 
b. #28418. 3+: Hp... PR,.Q asc (P,Q) R= PRQ — P(PR,.Q) 
[#205111] = maxp(PR,.Q) (1) 


b. #24412. #238113.D 

b:Hp.3.0*P — P*(PR,,Q) = {(O‘P —(PR,cQ)} ¥ (PR.Q) — P*(PR,.Q)} . 
[#234-18.4205°111] >.sc(P,Q)‘R=(O'P — PR,.Q)v maxp'(PRscQ) (2) 
F.(1).(2). DF. Prop 
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#234182. |: PeSer. Q, econnex. R“OQCC'P.D. 
> = > 
limaxp{(PR,.Q) = minp‘se (P, Q)‘R 
Dem. 
+ .*207°51.3+:. Hp.3:e=limaxp(PR,,.Q).=.ve OP Pen P*(PR,Q) » 


— 
[#234174] =.aeCP. Pa=OP n p'Pse (P,Q)R qd) 
F. #20052. 

> > > 
brHp.weO'P. Pia=CO'P np’ Pisce (P,Q) R.D «CSP O'P np PH's0(P, QR» 
(*40°2. Transp] D.mise(P, QR. 
> —> 
[«40°62] >. CP a p'P*se (P, QR = p'Pse(P, QR. 
> > 
[18-12] >. Pia = p' Pse (P,Q R (2) 
F. 422621. 
=> > > > 

b: Plo = p'P se (P,Q R.D. P= CP apt P\se (P, QR (8) 


F.(2).(8). Di: Hp.ceCP.9: 
> => > > 
P= OP a p'P sc (P, QR. =. Piaa=p'Pse(P, QR (4) 


F.(1).(4)«3 a 
ti. Hp.3:a=limaxp(PR,.Q). =.06C'P. Pa =p'P"“sc(P,Q)R. 
[*205°67] =.a=minp‘sc(P,Q)'R:.3+. Prop 


234183. |: Hp *23418.8c(P,Q)SR=A.>.PR,Q=C'P.~E! BP 
[*284°181-121] 
#2842. +:P,,¢Ser.R“OQ CCP. Qyeconnex.>. 
— vi ae ~~ a v_ 
os (P, QR ae: {minp(PRQ) ~ PRR} v {maxp“(PR,.Q) = PR,.Q} v 
> = vo 
{maxp(PRyoQ) 9 minp(PRecQ)} 
Dem. 
—_ - a 
b. 284181. 34s Hp. D.os(P, Q)\ R= {((O'P — PR,.Q) v maxp(PRQ)t 9 
(C&P — PR,.Q) 9 minp(PR,.Q)} (1) 
b. ¥231-201.3+:Hp.3.(C*P — PR,.Q) 9 (C*P — PR,.Q) = A (2) 
F.(1).(2). DF. Prop 
> = > ove 
#234201. +: Hp #234'2. 2.08 (P,Q)‘R C maxp(PR,.Q) v minp"(PR,.Q) 
[%234-2] 
#234202. + : Hp *2842.3.08(P,Q)\ReOvulu2 
[234-201 . *205°681 . #60°391] 
#234208, |: Hp*2342.PR,.Qe1.>. 
os (P, Q)'R 1.038 (P,Q)! R =e'maxp(PR,.Q) = tminp( PQ) = PRoQ 
[#281:193:103 . #205°68 . *234°2] 
4284204. ts P,,eSer. PRuQ~c0U1.d.038(P,Q‘R=A [#284103] 
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#23421. +: Hp*2342.PR,Q=A.>. a ae 
os (P,Q). R= maxp(PR.Q) ¥ minp(P RQ) 


Dem. 
F.*20511111.5 
+ = oa > ove re 
fk: Hp. >. maxp(PR,.Q) C — (PR,.Q) - minp(PR,.Q) € — (PRscQ) (a) 
F.(1). #2342. 354. Prop 


423423, :. Hp #2842. PR.Q~el.0s(P,Q)'Rel.>: 
PR Q= A: 03(P, Q) RB =t'maxp(P RQ)» ~ Et minp(PReQ) «V+ 
os (P, Q)' R= t'minp(PR,.Q)- ~ E! max p(PR,Q) 


Dem. 
F. #234103. 3b:Hp.>.PR,.Q=A (1) 
~ os > ve 
[#23421] D.0s(P, Q).R = maxp(PR,.Q) ¥ minp(PR.Q) (2) 


b.452-41. +: PRQ=A.E! maxp'(PR,.Q).E! minp(PRyQ).>+ 


> + > ov 
{maxp(PR,.Q) v minp(PR,.Q)} ~ el (3) 
F.(1).(2). (8). Transp. > 


bs. Hp. 3:0 Et max;(PR,.Q).v.~ E! minp'(PR,.Q) (4) 
b. (2).#205°681. +. Hp. 3: E!maxp(PR,.Q).v.E! minp'(PR,.Q) (5) 
F.(1). (2). (4). (5). DF. Prop 
#238424. |:.PeSer.Q,econnex. R“OCQCOP.D: 
08 (P, Q)'Rel.>.08(P, QB = t‘limaxp(PR,.Q) = tliminp'(PRQ) 
Dem. 
F 234-208 . *207°42 .3 


t:Hp. PR,@e1.2.03(P, QR = t‘limax;(PR,.Q) = t‘liminp'(PR,.Q) (1) 
F .%234-23 . #211°728 .*207°42.5 

+: Hp. PR,.Q~el.3.0s (P,Q) R=ulimaxp(PR,.Q) =t‘liminp(PRQ) (2) 
F.(1).(2). 95. Prop 


#234241,  : Hp *234-2.08(P,Q)'Re2. 2. PRQ=A 


Dem. _ 
b.#284°108 . Dr: Hp.d. PR Qe0vl (1) 
F . #234203 . Transp. D+: Hp. >. PR.Q~el (2) 
F.(1).(2). DF. Prop 


4234-242, +: Hp *234-2.08(P,Q)'Re2.>. 
os (P,Q)! R= t'maxp(PR,.Q) vein (PR, .) «maxp(PR,.Q) Py min p(PR.Q) 
Dem. 
+ #234201 . 42053. 2b: Hp. >. Et max;(PR,Q)«E!minp(PRyQ). 
maxp(PR,.Q)+minp(PR,.Q) (1) 
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F.4284241-15. >: Hp. >. PR,Q= CP — PRaQ- 


[¥211'8.(1)] >. maxp(P#,.Q) = max (Py)(PBacQ) « 
minp'(PRy.Q) = 8¢q (Pyo)(PBacQ) « 

[#206'5.%201-63] >. {maxp(PR,.Q)} (Py) {minp(PR,.Q)} « 

[#121-254] >. {maxp'(PRqeQ)} P, {minp'(PR,.Q)| (2) 


F. (1) (2) «234-201 . DF. Prop 
#234243. b: Hp *234°24. q!los(P, QR... 
Pe Et limaxp(PRyQ) « El liminp'(PR,.Q) 
= b . #234202. 3b: Hp.D.08(P,Q)\Relvu2 (1) 
F. (1) «23424242. DF. Prop 
4234-244. Fs Hp #2342. P?= P.D.08(P,Q\‘ReOvul 
Dem. 
F . #234°242:202. 3+: Hp *2342.08(P, Q)RreOvl.D.qi Py (1) 
F.(1). Transp . *201°65. 3+. Prop 
423425. bt: Hp#2842.P!=P.qtos(P,Q\R.>. 
os (P, Q)‘R = tlimaxp(PR,.Q) = Uliminp(PR,,Q) 
[¥234-244-24] 
4234251. b : Hp #23424. limaxp(PR,.Q) = liminp(PR,Q) «>. 
os (P, Q)‘R = t‘limaxp(PR,,Q) = min p'se (P, Q)‘R = t'maxp‘sc (P, OyvR 


Dem. 
F. #28418. *207°51.9 


F:Hp.). se(P, Qi R=COP-— Paimaxe(PR.Q)- 
e 
so(P, QR = CP - Paiminp'(PR,.Q) « 
[Hp.*202-101] D.03(P, Q)‘R=O'P a utimaxp(PR,.Q) - 


[#5131] =Ulimaxp(PR,.@) qa) 
[*234182] =eminp’sc (P, OY R (2) 
[3] = shinaxp‘se (P,Q)'R @) 


F.(1).(2).(3). DF. Prop 
423426, +:.Hp#2342.P'=P.>: 
qlos(P, Q)‘R.=.08(P, Q)'R=t'limaxp(PR,.Q) - 
=.03(P, Q)R = t‘liminp'(PR,.Q) - 
= .0s(P,Q)‘R= uminp’se (PQ)‘R. 
=.os (P,Q) R= t‘maxp*sc (POYR. 


=. limaxp(PR,.Q) = liminp'(PR,,Q) 
[(#284'25°251-182 .%51°161] 
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#23427. +: Hp «234-24. 2¢0s(P,Q)R-U‘°P,.5 0 me limaxp'(PR,.Q) 
Dem. 


b #28424 . Db: Hp.os(P,Q)\Rel.3.#=limaxp(PR,Q) (i) 
b . #234242. D+: Hp.os(P, Q)\Re2.D.e= limaxp"(PR,.Q) (2) 
+ .#234-202. 3+: Hp.>.0s(P, QyRelv2 (3) 


F.(1).(2).(3). DF. Prop 
4234271. +: Hp 423424. «08 (P,Q)'R—D*P,.>.« = liminy(PR,Q) 
P : 
[+204 27 >| 
4234-972, +: Hp #23424. 208 (P,Q‘R-OP,.>. 
w= limaxp(PR,Q) = liminp'(PR,Q) [#2342727] 
The remaining propositions of the present number are for the most part 
immediate consequences of those already proved. In order to obtain, from 
propositions already proved, propositions concerning the limit of a function as 
the argument approaches the limit of some class of arguments @, we only have 
to substitute Qxf a for @. In order to obtain the limit of a function as the 
~ 
argument approaches a given term a, we take Qy[ Q‘a in place of Q. 
#2343. F:.ccsce(P,Qyf a) R.=: z Ps 
ceOPraP pW. Dw. (qy) yean On TR. Ran Qty) C Piokw 
[234-1] 
#234°301. +: Qf ae connex.3:.a608(P,Qy[ a) RaDSPad'P.=: 
ceDSPaU‘P:ixe P(z-w). 2,0 
eae 
(qy)-yean OOn TR. RM (an Qyty) CP (2 ~w) 
[234-12] 
#23431. +:P,,¢Ser. Qf aeconnex. R“(anC*Q)CO'P.D. 
> = 
OP — s0(P, Ql 0) B= OP 0 p'P,,0(P, Onl aX R= P“(PRQ)ao'a 
[234/174] 
#234311. b: Hp *234°31.3.C‘P=se(P, Qyf a) Ry P«(PRQ)cot . 
se(P, Qxl a) Ra P!(PRQ)scfa= A - 
se(P, Qf aR = CP — P“(PRQ) ac 
[#23418] 
#234312. b:. Pe Ser. Qf @econnex . R(an C*Q)CC’P. 3: 
E!(PRQ)imx‘@. = +E! minp‘se (P, Qyl a)‘. 
=. (PRQ)mx' = minp‘sc (P, Oxf a) R 
[234182] 
*23432. f:. P,,eSer. Qf aeconnex. R“(an0*Q)CO'P.D: (PRQ)s‘ael.D. 
08(P, Oxf a) B= (PRQ)oq'a = max p"(PRQ)soa = ‘mninp'(PRQ) fc 
[#234203] 
R&W I 47 
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#234321. 
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bs: Hp *234°32 .08(P, Qyf a)‘Rel.3:.(PRQ).tavel.D: 


(PRQ)anf@= A: 08 (P, Qygt «R= Umaxp!(PRQ)gefa EY minp(PRQ)ao‘a» 


#234322. 


#234329. 


#23433. 


#234331. 


#23434. 


#23435. 


#234351. 


#234352. 


#234'4, 


*234-41. 


v.08 (P, Qel a) BR = tmine(PRQ) ofa. rE! maxp(PRQ)soft 
[4234-23] 
+: Hp #234312. 03(P, Qyta)‘Rel.>. 
08(P, Qt a) R= t(PRQ) ng! =U(PRQ)me’ [#23424] 
b: Hp 23432. 08 (P, Qf a) Re2.. 
08 (P, Qt a) R= e'maxp"(PRQ)afa v minp'(PRQ)zofa « 


{maxp(PRQ) sea} P, {minp(PRQ)ec‘a} 
[234-242] 


b: Hp *23432.P?=P.q!os(P, Qf aR. dD. 

08(P, Qt a) R= t(PRQ) met =t(PRQ)me'a [#23425 
bs Hp #234312 . (PRQ) im‘ = (PRQ)ims‘t > « 
08 (P, Qy ta) = t(PRQ)ing! = t(PRQ) ina! 


= «'minp‘se (P, Qf a)‘ R = e'maxp‘sc (B, Qel aR 
[234-251] 


bi. Hp «23432. P=P.d: 

gq tos(P, Oxf a) R.=.08(P, gf aR = U(PRQ) tnx 
208 (P, Ql aR a U(PRQ rmx‘ . 
(PRQ)ma't=(PRQ) ina! 


nl 


Hl 


[#234-26] 
bs Hp #284312. 2 08(P, Qel a R—- O'P,.3.0=(PRQ)imx‘a 
[#234-27] 
+: Hp #234312. 2 e0s(P, Qyl aR —D'P,.>.0=(PRQ)iméa 
[ 23435 P| 
Fi Hp *234312 .2e0s(P,Qxf a)\R-OP,.5. 
a= (PRQ)ing't=(PRQ)imet [23435351] 
as 
Fi.wesc(P, Qe Q,.'a)'R.=: 
> ~~ 
ceOP:2P, w+ Dw (TY) Ye Qian TR. R“Q(yt a) CP, “w 
[#234'S . (#121-012)] 
Fs: Qe trans. gt O'aeconnex.:. ; 
zeos(P, Out Oa) R oDiPad‘P.e:c2eD'PadP: 
— 
we P(z-—w). 220+ (qy)- ye Yan TR. RQ (ya) CP (z-w) 
[#284°301 . (121-012). #201-18] 
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> 
*23442, |:, PeSer. Qetrans. Qy[ Qa econnex. Bac OP.>: 

mares < ~~ > 

R(PQ)a= minp'sc (P, Qgt Oa)'R [234182] 


> 
4234421. bs. P,,eSer. Qe trans. Qgl Q'ac connex. R“GaCOP.D: 
=> —_ => 
sc (P, Qf Q%e)‘R=A.>.R(PQ)a= BP [#234183] 
4294-422, b: Hp #23442. Pe Ded. >. R(PQ)'a=liminp‘se (P, Qe Ga) R 
[4233-13 . 4234-42] 
423443, +: Hp #234-42 .05(P, Qyl O'a)'Rel.D. 
08 (P, Oxf Ga) =UR(PQ)a=R (PQYa [¥234°322] 
4234439, +: Hp 234-421 . 08 (P, Qyl Oa) Re2.D. 
08 (P, Qf QayR =UR(PQ)aveR (PQ)\‘a . 
{R(PQ)a} P,{R(PQ)a} [#234329] 
4234-44, b: Hp «234-491. P?= P.qtos (P, Ql O'a)'R. >. 
08 (P, Qyt Q'a)B = U'R(PQ)a=UR(PQ)}a [423433] 
4234441, |: Hp #23442. R(PQ)‘a= R(PQ)‘a.D. 
os (P, Qyl Q'a)= UB (PQ)'a =«'R(PQ)a [#234331] 
#23445. +:. PeSer.Qetrans. Qyt Q*aeconnex : Rea COP. P=P.d: 
103 (P, Ql Qa) R . =. 08 (P, Qt Qa) R= UB (PQ)a. 
.08(P, Qt Q'a)' R= UR (PQ)a. 
. B(PQ)‘a= R(PQ)a [#23434] 


ul 


423446, |: Hp 4284-42.7c0s(P, Ql Qa R- CP, .>.2= R(PQa 
[28435] 


= u 
#234461. Fs Hp #234:42 . «cos (P, Qf Q'a)R —D‘'P,.3.2= R(PQ)a 
[ s23445 P| 


#234462. b : Hp #23442 . we 0s (P, Oy Oar -CO'P,.3. 
a= R(PQ)a= R(PQ)a [#2446461] 


#2345. F:aect(PQ)'R.=. Riacos(P, Qy tQnofu)R —OP, — [(*234-03)] 
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> 
#23461. (2: Qe trans. Qy[Q‘aeconnex. Riae D}PaU‘P.9:. 
aect(PQYR.s: Rance P,: Rae P(z—w). 92,4: 
— 
(qy) ye Qan dR. RQ(yHa)CP(e-w) 
em. 
b.#234°5'4. #5331. D 
Fr: Hp.D:.a¢ ch(PQ)YR.=: RaeD*’Pa AP — OP: Rie P (2 -w). 20 
> 
(qy)-yeQan dR. RQ (yr a)C P(e—w). RutaCP(e—-w) (1) 
b. (1). #121242. 34. Prop 
= > 
#23452. F:. PeSer. Qe trans. Q,[ Q‘a@econnex. R“QaCC'P.D: 
aect(PQYR.D.R(PQ)a=R(PQ)a= Ra [*234°462'5] 
> 
#234521. | : Hp *234°52.a¢ct(PQ)'R.D.038(P, yf Oa) ‘Rat Ra 
[#234°441°52] 
#234522. b:. Hp *23452.P=P.9: 
aect(PQYR.=.R(PQ)a= R(PQ)‘a=Ra 


Dem. 
+. #23445. 
y > 
Fs. Hp.3: R(PQ)a= RB (PQ) = Ra. 3. 03(P, Qyf Oa) R= Ra. 
[#2345 201-65] D.aect(PQYR (1) 


F .(1).#234'52. 3+. Prop 
#23453. +:: P,,econnex. Qe trans. Ria = BYP .9:. 
aect (PQYR.=: BSP~e DP, we UP. Dy. 
> ~ 
(qy)- ye Qan GR. R“Q(yHa)C Pw 
Dem. 
F . #284°122 .%53°31 . #2845. D 
bi: Hp.d:.aect(PQ)R.=: BSPwe D‘P,: (BYP) Pw. Duy» 
> - —> > > 
(ay) «ye San GR. R“(Qe'y 9 Qa) CP, fw. Ba Pio wt 
[#202°522.%205°253.%201°18] =: BSP~e D‘P,: 
=> 
wed‘ P. Dy. (Gy) yeQtan TR. RQ (yH a) CP, w 22 DF. Prop 


#23454. Fiaect(PQYR.D.aeU' Ra Oyo U'R »RacOP 
Dem. 
b  #284'5°1 . (4284-02). Db: Hp. >. RiacO*P (a) 
F. (1). *234'5 . (4284°02).3 
> y ~ 

Fi. Hp.diq 18c(P, Ql Qpo‘a)'R aDP.v.qtsc(P, Oxf Qa Ra UP: 
[#234-142] 3: q!Q,fand‘R: 
[*37-46] Di acQp“AR (2) 
F.(1). #1421 . 48343. Db: Hp. D.ae UR (3) 
b. (1).(2).(3). DF. Prop 
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#23455. +. {min (Qpo)A'Re ct (POR) [4234-54 Transp] 
#28456. fF: Hp #28452 raect(PQYR.D. 
(PRQ)6Q'ae0vl. EtR(PQ)\a. R(PQ)ane O'P,. Ra=R(PQ)‘ 
Dem. 
F.42345. Db:Hp.>.q!os(P, Ox Q'a)‘R -RoareCP,, 


[4234-103] D.(PRQ).Q'ac0 v1. Rave OP, (a) 
+ .#23452.5+:Hp.>. Ra=R(PQ)a. Et R(PQ)a (2) 
b.(1).(2). 3+. Prop 


#234561. +: P,QeSer.aect (PQ)'R.a=lte(an U‘R). Ra CCfP.>D. 
(PRQ)imx‘= R'a=(PRQnx‘t [¥233°515 . #28456] 
4234°562, +: P, Qe Ser. Itg'(an CR) ect (PQ)R. R(an OQ) COP.D. 
(PRQ)imx't=(PRQ)mx'a= Rltg’a — [#238-516 . #23456] 
That is, if a is any class of arguments having a limit at which the function 


is continuous, then the limit of the function, as the argument approaches the 
limit of the set of arguments, is the value of the function for that limit. 


#2346. + :aecontin(PQ)'R.=.aect (PQ) Ra ct (PQYR [(*234-04)] 


#23461. +: P,.eSer.Qetrans. Qt ora econnex. Rae D‘Pn U‘P.9:. 
aecontin (PQ) R.=: Rave C'P,: RaeP(2-w)-2,,0+ 
(ayy) ceQy-y)-yy TR. RQ yoy) CP e-w) 
Dem. 
F. #23451. 5b:: Hp. 3:.aecontin(PQ)R.=: 
Rae D‘P an U‘P — C'P,: Riae P (2g-w) 9, w+ 
(ayy’)-y Oa adR.y Qa adr. 
ROyray RQany)yCP(e—w) (1) 
b. (1). #201°19. #20217. 3+. Prop 


& < 
#23462, [:. Hp #23461. Pe trans. R“QaC CP. D: aecontin(PQ)R.D. 
R(PQ)‘a= R(PQ) a= B (PQ) a= R(PQ)a= Ra 
(#284-52'6] 
#23463. + :,Hp#23462.P2= P.d:aecontin(PQ)‘h.=. 
R(PQ‘a= RB (PQ)a= BR (PQ)a= R(PQ)a= Ra 
[4234'522°6] 
#23464. +i: Hp #23462. Rae KPa U‘P. 3:, ae contin(PQ)R.=: 
RiacO’P—OP,: Rac P(z-w). 32,0 
(ayy)-yy eTR.aeQ(y—y). RQ yy) P(e-w) 
[#284°51°6] 
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#2347, +: Re Pcontind.=.q!CQad‘R.OQn CRC contin (PQYR 
[(*234-04)] 


#23471. fF: Re Pcontind.».R[CQel—>»Cls. R“CQCOP 


Dem. 
b . 2347-65 .D 


Fi. Hp.d:acCQaMd‘R.D. Racos(P, Qt Gro) R« 


[4234-1] >. RacP. (a) 
[x1 4-21] >. EI Rta (2) 
.(2).#71572. Db: Hp.d.RECQe1Cls (3) 


F.(1).(2).48761.3b:Hp.d.R“(OQad‘R)COP (4) 
+. (3) .(4) «#8726. DF. Prop 
#23472. +: PeSer.Qetransnconnex. Re Pconting.): 
aeC'QaU‘R. D4. R(PQ)a= R(PQ)‘a= RB (PQ)'a= B(PQ)‘a= Ra 
[#234-62°7] 
#23473. b::PeSer. P?=P.Qetransnconnex.3:. 
RePoontind.=:q!CQnTRiacCQa Mk... 
R(PQ)‘a= B(PQ)'a = R(PQ)‘a= B(PQYa= Ra 
Dem. 
+ .#2847°71. 3b :: Hp.3:. Re Pconting .=: q¥ICQnM‘R.R“CQCOP: 
aceOCQaMd‘R.D,.aecontin(PQ)‘R: 
[#234-63] =: g10'Qa UR. RCQCOPracCQn WR. rq. 
R(PQ)'a=R(PQ)a=R(PQ)a = R(PQ)'a=Ra (1) 
F. #233-401-101 > 
bracOQaMd‘R. 24. B(PQ)a= Ra: d:acOQa dh... RacCP: 
[37-61-26] >: R“OQCOP () 
F.(1).(2).D b. Prop 


